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study will provide the framework for further studies to 
elicit effectiveness and better determine a safety profile 
for this drug combination.
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Introduction

Glioblastoma carries a devastating prognosis, with median 
survival of only 12.1–18.9 months after diagnosis [1, 2]. 
Temozolomide administered concomitant with radiation 
and as adjunct chemotherapy for newly diagnosed glio-
blastoma has been shown to improve survival compared to 
radiation alone [2, 3]. Recurrence typically occurs shortly 
after initial treatment and tends to be resistant to therapy, 
necessitating the development of novel chemotherapeutic 
agents and dosing schemes.

Multiple phase II studies have attempted to treat recur-
rent disease with temozolomide monotherapy using met-
ronomic and dose-dense regimens. These studies have 
yielded median progression free survival (PFS) from 2.1 to 
7.0 months and median overall survival (OS) from 5.4 to 
11 months [4–7]. Furthermore, one prospective randomized 
trial comparing temozolomide to procarbazine for progres-
sive disease demonstrated superior 6-month PFS rates with 
temozolomide (21 %) compared to procarbazine (8 %) [8]. 
Although these studies are heterogeneous in terms of the 
dosing schemes and inclusion criteria, their combined evi-
dence suggests that temozolomide provides a small benefit 
for patients with progressive disease [9].

Abstract The average survival time for patients with 
recurrent glioblastoma is between 5 and 9 months. Phase 
I and II trials have shown a modest survival benefit with 
combination temozolomide and other chemotherapeutics. 
We conducted a phase I trial of dose-escalating temo-
zolomide with bevacizumab and the proteasome inhibi-
tor bortezomib for patients with recurrent disease. Three 
groups of three patients were scheduled to receive daily 
doses of temozolomide at 25, 50, and 75 mg/m2. Fixed 
doses of bortezomib and bevacizumab were given at 
standard intervals. Patients were monitored for dose-
limiting toxicities (DLT) to determine the maximum-
tolerated dose (MTD) of temozolomide with this regi-
men. No DLT were seen in the first two groups (25 and 
50 mg/m2 temozolomide). One patient in the 75 mg/m2 
group experienced a grade 4 elevation of ALT and three 
more patients were accrued for a total of six patients 
at that dose level. No other DLT occurred, thus mak-
ing 75 mg/m2 the MTD. Progression-free survival was 
3.27 months for all patients and mean overall survival 
was 20.75 months. The MTD of temozolomide was 
75 mg/m2 in combination with bevacizumab and bort-
ezomib for recurrent glioblastoma. Only one patient 
experienced a severe (Grade 4) elevation of ALT. This 
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radiotherapy [14, 27, 28]. In a phase I trial for recurrent 
glioblastoma, bortezomib was well tolerated at doses used 
for multiple myeloma; median PFS was 5.8–6.0 months and 
the rate of response was 3 %, leading the authors to suggest 
a role for the drug in combination therapy [28].

Considering the distinct mechanisms of action of bort-
ezomib, bevacizumab, and temozolomide, we elected to 
perform a phase I trial to assess the safety of these drugs in 
combination and the feasibility of advancement to a phase 
II trial for efficacy. Our primary objective was to determine 
the maximum tolerated dose (MTD) of temozolomide com-
bined with fixed doses of bortezomib and bevacizumab in 
patients with progressive glioblastoma. Secondary mea-
sures included time to tumor progression, survival from 
enrollment, overall survival, and best radiographic response 
in patients who completed at least one cycle of therapy.

Methods

Patient population

Patients were enrolled and treated at Emory University 
Winship Cancer Institute, beginning with written informed 
consent per the IRB-approved protocol (#14595). Eligible 
patients were ≥18 years of age with histologically proven 
WHO grade IV glioblastoma and evidence of progression 
or recurrence on MRI within 2 weeks prior to enrollment. 
Further inclusion criteria included: initial surgical resec-
tion (≥6 weeks prior), radiation therapy (≥3 months), and/
or chemotherapy with regimens including nitrosurea agents 
(≥6 weeks) or not including nitrosurea agents (≥4 weeks), 
no history of bortezomib treatment, and no more than three 
prior biologic agents. Exclusion criteria included the use of 
enzyme-inducing antiepileptic drugs (EIAEDs), standard 
systemic and hematologic parameters, a Karnofsky Perfor-
mance Status (KPS) of at least 60, and no more than 3 previ-
ous episodes of GBM progression.

Drug administration and dose escalation

Patients were treated with one of three escalating doses of 
temozolomide. The plan was to enroll at least three patients 
per group, up to six if dose-limiting toxicities (DLT) were 
encountered at that dose. The maximum dose of 75 mg/m2 
was chosen based on clinical experience with toxicities at 
dosages above this level [2].

The three agents were administered in 42 day cycles as 
shown in Fig. 1. Bortezomib was given at 1.3 mg/m2 on day 1 
of weeks 1–4. Bevacizumab was given at a dose of 10 mg/kg  
on day 1 of weeks 1, 3, and 5. Temozolomide was given 
at doses of 25 mg/m2 (Group 1), 50 mg/m2 (Group 2), or 
75 mg/m2 (Group 3) on days 1–28 of each cycle.

Bevacizumab, a monoclonal antibody targeting vascu-
lar endothelial growth factor (VEGF) has also been stud-
ied extensively as monotherapy for recurrent glioblastoma, 
and was granted accelerated approval by the FDA in May 
2009 as single agent for recurrent disease [10]. Phase II tri-
als have reported outcomes superior to historical controls, 
with median PFS of 3.7–4.2 months and median OS of 6.5–
9.2 months [11–13].

Another targeted agent under trial for progressive glio-
blastoma is bortezomib (VelcadeTM), a potent, highly 
selective inhibitor of the 20S subunit of the 26S protea-
some complex, which is responsible for degrading mul-
tiple proteins involved in cell-cycle regulation, apoptosis, 
and angiogenesis [14]. In vitro studies indicate that bort-
ezomib is active against glioblastoma cell lines, decreasing 
cell growth and increasing apoptosis with minimal effects 
on neural stem cells [15–18]. One of the proteins affected 
by proteasome inhibition is O6-methylguanine methyl-
transferase (MGMT), a DNA repair enzyme thought to be 
involved in temozolomide resistance. In vitro studies have 
shown down-regulation of MGMT in glioblastoma cell lines 
treated with combination temozolomide and bortezomib, as 
well as enhanced anti-tumor activity with the combination 
compared to either drug alone [19–21]. Further preclinical 
work has shown decreased ability of bortezomib to pene-
trate the intact blood–brain barrier and provide therapeutic 
levels in vivo [22–24], and to overcome this, separate stud-
ies have evaluated drugs which have the ability to increase 
its CNS penetrance and thus provide therapeutic effect. A 
recent Phase II trial by Raizer et al. evaluating the penetra-
tion of bortezomib intra-tumorally showed excellent uptake 
of the drug into the tissue in recurrent glioblastoma, where 
the blood–brain barrier is already disrupted and reinforces 
the decision to evaluate its ability to provide treatment effect 
[25]. While this trial failed to show a delay in progression of 
glioblastoma when initiated, their work demonstrated nicely 
a direct effect of bortezomib on proteasome inhibition in 
vivo.

In a pharmacodynamic study within the 9L gliosarcoma in 
vivo, bortezomib has been shown to preferentially reach the 
tumor in comparison to adjacent and contralateral cerebrum 
[26]. In vivo studies comparing combination treatment with 
bortezomib and bevacizumab have demonstrated signifi-
cantly greater reductions in tumor volume with the combi-
nation compared to bevacizumab alone, and also found that 
the combination increased survival to a greater degree than 
bevacizumab monotherapy (44.7 vs. 38.7 days, p = 0.038) 
[16]. The effects of bortezomib on temozolomide-resistant 
cells in vitro and in combination with temozolomide or bev-
acizumab in vitro and in vivo support the assessment of this 
drug in combined therapy for glioblastoma.

In clinical trials, bortezomib has been well tolerated by 
GBM patients when administered with temozolomide and 
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toxicity occurred and was considered by the investigator 
to be related to bortezomib, this agent was held. For non-
hematologic toxicities, bortezomib would be held for up 
to 2 weeks until the toxicity returned to Grade 1 or better. 
If toxicity failed to resolve, the drug was discontinued and 
the patient removed from the study. If the toxicity resolved, 
bortezomib was restarted at a reduced dose (0.9 mg/m2). For 
peripheral neuropathy attributed to bortezomib, the drug 
was reduced to 0.9 mg/m2 (grade 2), held until symptoms 
resolved to grade 1 (grade 3), or discontinued (grade 4).

Dose reductions were not performed because of beva-
cizumab’s long half-life (2–3 weeks); instead, doses were 
held for toxicities meeting certain criteria. Bevacizumab 
was held for the following events: (a) grade 1 pulmonary 
or CNS hemorrhage or grade 3 non-pulmonary non-CNS 
hemorrhage in patients not on anticoagulation, (b) grade ≥3 
venous thrombosis, (c) grade 3 congestive heart failure, (d) 
grade 3 proteinuria, (e) grade ≥2 bowel obstruction, or (f) 
any other grade 3 event considered to be related to bevaci-
zumab. The drug could be restarted after resolution of tox-
icity once other contributors to the event were controlled. 
Bevacizumab was to discontinued for (a) any grade 4 toxic-
ity, (b) grade 3 hypertension if blood pressure could not be 
medically controlled to ≤150/100, (c) hemorrhage (speci-
fied above) in a patient on anticoagulation or occurring more 
than once, (d) grade ≥2 pulmonary or CNS hemorrhage, (e) 
arterial thrombosis (including unstable angina, myocardial 
infarction, and cerebrovascular events), (f) gastrointestinal 
fistula, (g) wound dehiscence, or (h) MRI-confirmed revers-
ible posterior leukoencephalopathy.

Temozolomide doses were escalated from 25 to 50 mg/m2 
after a minimum of three patients had received the lowest 
dose, and similarly to 75 mg/m2 after three patients had 
received 50 mg/m2. Any DLT prompted addition of three 
patients at that dose level, and if two or more of the six 
patients receiving that dose experienced DLT, that dose was 
defined as the MTD.

Evaluation of dose limiting toxicity and establishment 
of maximum tolerated dose

Monthly evaluations included physical exam, vital signs, 
and blood work. Reductions in temozolomide were required 
for nonhematologic toxicities of grade 3 or 4 in severity 
according to the NCI Common Terminology Criteria for 
Adverse Events (CTCAE) Version 4.0, excluding nausea 
and vomiting or neurotoxicity that was attributed to the CNS 
malignancy. These toxicities were considered resolved once 
severity reached grade 2 or lower. Dose limiting hematologic 
toxicities included ANC ≤500/mm3, platelets ≤25,000/mm3, 
and febrile neutropenia. In the event of a hematologic tox-
icity, CBC was obtained twice weekly until ANC rose to 
1500/mm3 and platelets were ≥100,000/mm3, and was con-
sidered resolved at grade 1 or baseline. Failure to recover 
from toxicity within 2 weeks was an indication to remove the 
patient from treatment and consider the event a DLT.

In the case of bortezomib, any previously established 
or new toxicity other than neuropathic pain or peripheral 
sensory neuropathy were managed as follows: if Grade 
4 hematologic toxicity, or Grade 3–4 non-hematologic 

Fig. 1 Timeline and dosing schedule for combination chemotherapy regimen for this trial. Patients received routine labs each week and vital signs 
were monitored every week. MRI was performed prior to initiation of the regimen and following the last week
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Per study protocol, an additional three patients were 
enrolled in Group 3. None of the 5 other patients in Group 
3 experienced liver enzyme elevation above grade 1, and no 
other DLT were observed in any of the treatment groups. 
Common low-grade toxicities experienced in all groups 
included: hyperglycemia, hypertension, hypocalcemia, AST 
increase, and thrombocytopenia. The frequency of individ-
ual toxicities and their incidence in each group are elabo-
rated in Table 2.

Despite the lack of a second DLT at 75 mg/m2 to fit 
the predefined definition of the MTD, we chose not to 
attempt higher doses because 75 mg/m2 is the highest 
dose previously reported for dosing regimens similar to 
this [5, 31] and the cumulative dose of 2100 mg/m2 per 
cycle has not been exceeded in studies of temozolomide 
using alternative dosing strategies [13]. Thus, the MTD 
of temozolomide for this combination was determined to 
be 75 mg/m2.

Secondary outcome measures

Overall survival (OS) was measured from date of histologic 
diagnosis of glioblastoma to date of death, and survival from 
enrollment (SFE) was measured from date of enrollment in 
the study to date of death. Time to progression (TTP) was 
measured from date of enrollment to the date of progression 
on MRI. Disease progression and response were determined 
by the primary investigator (JJO) according to the Modified 
MacDonald Criteria [29].

Results

Patient characteristics

Twelve patients participated in the study which started 
accrual from August 2012 to February 2015. Three patients 
were enrolled in each of the first two groups (25 and 
50 mg/m2 of TMZ) and six were enrolled in the third group 
(75 mg/m2 of TMZ). Patient characteristics are listed in 
Table 1, including results of molecular profiling.

Ten out of 12 patients had undergone primary surgical 
resection or debulking while the remaining 2 patients had 
biopsy alone. All 12 patients were treated with temozolo-
mide and radiotherapy before study enrollment, and all were 
naïve to bortezomib. One patient had prior treatment with 
bevacizumab, receiving a single cycle of temozolomide plus 
bevacizumab the month prior to enrollment in group 3 of 
the study.

Dose escalation and toxicities

All 12 patients were evaluable for toxicity. Initially, three 
patients were enrolled in each group and completed the 
first 6-week cycle without evidence of DLT. In treatment 
Group 3 (75 mg/m2), one of the first three patients suffered 
an elevation of alanine transaminase (ALT) to a maximum 
value of 242 (grade 3) while receiving therapy. Per protocol, 
temozolomide was held. 1 week later, ALT had decreased to 
104 (grade 2), so temozolomide was restarted at a reduced 
dose (50 mg/m2). Over the next month, the patient pro-
gressed clinically with worsening right hand weakness, 
aphasia, and slurred speech; MRI demonstrated progressive 
disease, indicating removal from the study. 4 weeks after 
discontinuation of investigational therapy, liver enzymes 
increased dramatically, from an ALT of 43 on the day she 
was taken off the study to 780 (grade 4), with her only treat-
ment at that time being biweekly bevacizumab. Considering 
that hepatotoxicity is listed as one of the primary warnings 
for temozolomide [30], this event was considered a DLT 
even though the investigational therapy had already been 
discontinued.

Table 1 Patient characteristics and initial tumor data

# pres-
ent/# of 
patients 
tested

% positive 
out of 
patients 
with test

% of all 
patients

All patients
Age at admission (years), mean 51.8 ± 9.0
Males (%) 50

Race (%)
Caucasian 75
Black 25

Average tumor volume, cc 44 ± 55.12

Group 1 (TMZ 25 mg/m2), n = 3
MGMT methylation 1/2 50 33
IDH 1 mutation 0/2 0 0
EGFR amplification 2/3 66 66
PTEN loss (10q23 deletion) 3/3 100 100

Group 2 (TMZ 50 mg/m2), n = 3
MGMT methylation 2/3 66 66
IDH 1 mutation 1/2 50 33
EGFR amplification 0/3 0 0
PTEN loss (10q23 deletion) 2/3 66 66

Group 3 (TMZ 75 mg/m2), n = 6
MGMT methylation 1/5 20 17
IDH 1 mutation 0/4 0 0
EGFR amplification 1/4 25 17
PTEN loss (10q23 deletion) 3/4 75 50

Total, n = 12
MGMT methylation 4/10 40 33
IDH 1 mutation 1/8 13 8
EGFR amplification 3/10 30 25
PTEN loss (10q23 deletion) 8/10 80 75
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Table 2 Adverse event frequency per grade and group

Adverse event/grade All patients Group 1 Group 2 Group 3

1–2 3 4 1–2 3 4 1–2 3 4 1–2 3 4

ALP increase 3 1 1 1
ALT increase 5 1 1 1 3 1
Anemia 6 2 2 2
Anorexia 2 1 1
Anxiety 1 1
Arthralgia 1 1
AST increase 6 1 3 1 2 1
Cognitive disturbance-aphasia 2 2
Confusion 2 1 1 1 1
Constipation 1 1
Cough 1 1
Creatinine elevation 1 1
Decreased WBC 4 1 3
Depression 1 1
Diarrhea 1 1
Eye disorders-diplopia 1 1
Eye disorders-left homonymous hemianopsia 1 1
Eye disorders-stye 1 1
Facial muscle weakness 1 1
Fatigue 2 1 1
Gait disturbance 1 1 1 1
Generalized muscle weakness 1 1
Headache 3 1 1 1
Hgb increased 2 2
Hyperbilirubinemia 3 1 1 1
Hyperglycemia 11 1 3 2 1 6
Hyperkalemia 1 1
Hypertension 7 4 3 1 2 3 2
Hypoalbuminemia 3 1 2
Hypocalemia 7 2 2 3
Hypokalemia 3 2 1
Hyponatremia 5 1 1 3
Insomnia 1 1
Leukocytosis 2 2
Localized edema 1 1
Memory impariment 1 1
Muscle weakness 4 1 1 2
Nausea 1 1
Paresthesias 3 3
Proteinuria 1 1
Sinus tachycardia 4 2 1 1
Thrombocytopenia 9 3 1 5
Toothache 1 1
Voice alteration 1 1
Wound dehiscence 1 1
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superiority over single-agent therapy when subjected to 
prospective scrutiny. For this trial, three drugs were chosen 
for investigational treatment based on their distinct mecha-
nisms of action, preclinical research indicating additive 
effects for the drugs in combination, and evidence for each 
drug’s activity against progressive glioblastoma.

No previously reported trials have combined temozolo-
mide, bevacizumab, and bortezomib for recurrent glio-
blastoma. We therefore embarked on this phase I clinical 
trial and evaluated the safety of dose-escalating temozolo-
mide with fixed doses of bevacizumab and bortezomib for 
recurrent glioblastoma, using the standard tolerated doses 
previously reported for the latter two drugs [27, 32, 33]. 
Considering the maximum doses of temozolomide reported 
previously, both in terms of daily doses in metronomic 
regimens [5] and cumulative per cycle doses in dose-dense 
regimens [13], the maximum-tolerated dose of temozolo-
mide co-administered with bevacizumab and bortezomib 
was determined to be 75 mg/m2 despite the lack of a second 
dose limiting toxicity.

Secondary outcome measures

Time to progression (TTP), survival from enrollment (SFE), 
and overall survival (OS) for all patients and per group are 
shown in Table 3. In total, 10 of the 12 patients had died at 
the writing of this manuscript (8 months after closure of the 
study) and the remaining living patients were excluded from 
the SFE and OS calculations. Kaplan–Meier survival curves 
are presented for OS and PFS in Fig. 2.

According to the modified MacDonald criteria, MRI 
demonstrated partial responses in 2 patients (16.7 %) with a 
78 % reduction in one patient in Group 3 and a 74 % reduc-
tion in one patient in Group 1. Two patients in Groups 1 
and 2 demonstrated 60.7 and 68 % reductions in tumor size 
that did not persist for the 4 weeks required to qualify as 
response to treatment. Three patients had reductions of less 
than 50 % after their first cycle of therapy which also did not 
persist to qualify as treatment response. MRI response data 
is shown in Table 4.

Discussion

Recurrent glioblastoma remains difficult to treat despite 
modern treatments. Multi-agent drug therapy has long been 
used investigatively for progressive disease with the belief 
that their combined effects will maximize survival ben-
efits, but no specific regimen has consistently demonstrated 

Table 3 Survival analysis per group

Overall group Mean 
(months)

Median 
(months)

Time to progression 3.45 3.43
Survival from enrollment 6.70 7.03
Overall survival 19.0 16.8
Group 1 (TMZ 25 mg/m2)

Time to progression 3.00 2.60
Survival from enrollment 7.57 7.67
Overall survival 18.82 11.93

Group 2 (TMZ 50 mg/m2)
Time to progression 2.54 2.13
Survival from enrollment 5.53 4.77
Overall survival 20.88 21.37

Group 3 (TMZ 75 mg/m2)
Time to progression 4.12 3.90
Survival from enrollmenta 6.92 7.32
Overall survival (n = 4)a 17.69 16.38

In this case, time to progression is measured from start of investiga-
tional therapy
a2/6 patients in group 3 are still living, these patients are excluded 
from these calculations

Fig. 2 Kaplan–Meier curves demonstrating progression-free survival 
(a) and overall survival (b) in our patient cohort in all three metro-
nomic temozolomide dosing groups

 

1 3



199J Neurooncol (2016) 130:193–201

This phase 1 trial demonstrates the tolerability of temo-
zolomide at metronomic dosing schedules combined with 
bevacizumab and bortezomib for recurrent glioblastoma. 
Our results provide evidence to proceed with a phase II trial 
to evaluate efficacy and determine a more accurate safety 
profile. This study also provides guidance for further stud-
ies using combination agents with consideration of mecha-
nisms of action and potential synergy.

Limitations

At the initiation of the IRB and subsequent approval of the 
clinical study the modified MacDonald criteria for assessing 
radiological response was the standard of care. Shortly after 
initiation of the trial the RANO criteria [38] was developed 
as a standardized method for assessing response on MRI. 
Further studies by our group, including a possible Phase 
II trial with this regimen, would include assessment by the 
RANO criteria.

Additionally, previous studies looking at bortezomib 
for recurrent glioblastoma have evaluated response with 
biweekly dosing schedules (e.g., days 1, 4, 8, 11, etc.) [25, 
28, 37, 39] as opposed to the once-weekly schedule we used 
in our study. This investigation was designed to be adminis-
tered over a 4 week cycle. In the study of Phuphanich et al. 
the twice weekly administration for 4 weeks was curtailed, 
in favor of biweekly doses for the first two of every 3 weeks, 
over concern for toxicity [28]. To address this safety issue 
and match the planned 4-week period of administration (fol-
lowed by 2 weeks off) we sought with the other treatment 
agents we decided to pursue a once a week regimen with 
bortezomib. Given the overall positive safety profile in our 
regimen, further studies could possibly include an escalated 
dose of bortezomib in line with previously reported dosing 
schedules.

Conclusion

The combination of temozolomide, bevacizumab, and bort-
ezomib is well-tolerated by patients with recurrent glioblas-
toma. Further studies are needed to fully assess the safety 
profile and to establish the degree of efficacy of this chemo-
therapy regimen against malignant glioma.
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Metronomic dosing schedules for temozolomide were 
chosen in this study as the side effects from the three-drug 
combination were unknown at the time of study creation 
and enrollment. This dosing schedule has been reported as 
efficacious in some patients even after failure of standard 
dose temozolomide given at the time of initial diagnosis 
[6, 34–36]. Previous trials showed response with low-dose 
metronomic therapy at 50 mg/m2/day and thus this was the 
basis testing doses below, at and above this level to assess 
tolerability of this drug within this combination.

A previous Phase II study by Bota et al. evaluating 6 
month PFS and OS for patients with recurrent glioblastoma 
showed the combination of bevacizumab and bortezomib 
to be an effective treatment combination with a benefit of 
partial radiographic response in patients on non-EIAEDs 
[37]. While subgroup analysis of patients showed a benefit, 
their results indicated that this treatment was no better than 
single-agent bevacizumab alone for recurrent disease and 
any demonstrable result may have been blunted by EIAEDs. 
In our study, EIAEDs were part of our exclusion criteria in 
order to eliminate this finding in an attempt to isolate the 
true treatment effect of the chemotherapy.

With regard to TTP and SFE in our study, there was 
no significant difference in survival between groups. 
Median TTP was comparable to previously reported PFS 
for bevacizumab monotherapy (3.43 months compared to 
3.7–4.2 months), as was median SFE (7.03 months com-
pared to 6.5–9.2 months) [11, 12]. Additionally, at this 
writing, 2 patients in Group 3 were still alive and doing 
well. However, comparison of outcomes is in this case 
purely speculative, since this study was not powered nor 
intended to draw conclusions about the efficacy of this 
drug combination.

Table 4 Percent change in tumor size (as total sum of longest diam-
eters) after each cycle

Dose group Base-
line 
TSLD

Cycle 1 Cycle 2 
(%)

Cycle 3 
(%)

Cycle 
4 (%)

1 638 +17.6 % +49.3
1 2100 –61.1 % –33.9 +29.8
1 1938 –60.8 % +5.5
2 380 New lesion
2 1833 +0.4 % +17.6 +25.4
2 1139 –68.1 % +368.6
3 2084 –23.3 % –5.9 +26.1
3 1623 –0.4 % +43.4
3 2912 –65.4 % –35.5 +44.0 –23.7
3 1522 +122.5 %
3 1102 –39.5 % +11.5 +149.3
3 1131 –30.9 % + 13.9 + 61.1
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