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Abstract

Purpose Establishing breast MRI imaging patterns associated with neoadjuvant immunotherapy is needed to monitor
response. We analyzed serial breast MRIs in patients receiving neoadjuvant chemo-immunotherapy on the I-SPY?2 clinical
trial.

Methods Patients with stage 2-3 HER2-negative breast cancer were randomized to weekly paclitaxel (control), weekly
paclitaxel and pembrolizumab, or weekly paclitaxel, pembrolizumab and intra-tumoral injection of SD-101, a TLRY agonist.
All patients received AC. Regional lymph nodes were retrospectively evaluated on breast MRI at baseline, 3, 12 and 20
weeks by a single blinded radiologist. MRIs were assessed for development of new regional lymphadenopathy, or increase
in the longest diameter or cortical thickness of the largest abnormal regional lymph node.

Results Between 12/2015 and 4/2021, a total of 43 patients enrolled in the control (n=16) and paclitaxel + pembroli-
zumab +SD-101 (n=27) arms. 12 of 27 patients (44.4%) receiving chemo-immunotherapy experienced increased lymphad-
enopathy within the first 12 weeks compared to 1 of 16 patients (6.3%) in the control group (p =0.014). Most patients with
increased lymphadenopathy were in the SD101/pembro arm (n= 10, p=0.002). Increased lymphadenopathy was observed
despite concomitant decrease in breast tumor size at all time points. 11 of 12 patients with increased lymphadenopathy had
pathologically negative nodes at surgery. There was no association between lymphadenopathy and lower residual cancer
burden or immune-related toxicity.

Conclusions The combination of neoadjuvant paclitaxel and pembrolizumab + SD101 intratumoral injection was associated
with early increases in regional lymphadenopathy on MRI despite decreased breast tumor size. Increased lymphadenopathy
was not associated with node positive disease at surgery.

Keywords Immunotherapy - Breast MRI - Early-stage breast cancer - neoadjuvant chemotherapy
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Th ition of immune checkpoint inhibitors (ICI
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4 Moffit Cancer Center, 10920 N. McKinley Drive, Tampa, programmed death 1 (PD1) receptor on effector T cells and
FL 33612, USA the programmed death ligand 1 (PDL1) within the tumor
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University of Chicago, 5841 S. Maryland Avenue, Chicago,
1L 60637, USA and tumor cell death [5]. However, despite these advances,
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immune-related adverse events (irAEs) can occur in up to
50% of patients and serious, irreversible side effects have
been reported including adrenal insufficiency, insulin-
dependent diabetes and neurologic events [6, 7]. In addi-
tion, not all patients require immunotherapy plus chemo-
therapy to achieve excellent outcomes. For example, up
to 51% of patients with stage II-III triple negative breast
cancer (TNBC) who were treated with chemotherapy alone
achieved pathologic complete response (pCR) at the time
of surgery, and of these patients, 92.6% were event-free at 3
years [1]. Thus, early markers of response to immunotherapy
are needed in order to identify patients who do not benefit
and who can be spared from unnecessary immune toxicity.

In the neoadjuvant setting, serial imaging has evolved
as an important tool to assess response to treatment and
may be one potential marker of early response [8]. Of the
available standard imaging methods, MRI has been dem-
onstrated to have higher sensitivity for tumor extent and
response compared to mammogram, ultrasound or clinical
exam with an estimated sensitivity for detecting pathologic
complete response of 0.88 (95% confidence interval {CI},
0.78-0.94) [9-15]. Quantitative functional tumor volume
(FTV), defined as the volume of tumor displaying rapid early
enhancement followed by a rapid loss of enhancement on
dynamic contrast-enhanced MRI, represents an additional
novel radiologic marker of response and is assumed to rep-
resent the area of viable tumor cells [16]. Changes to FTV
have previously been linked to response to neoadjuvant
therapy [16-19].

The Investigation of Serial Studies to Predict Your Ther-
apeutic Response With Imaging And moLecular Analysis
2 (ISPY2) phase II clinical trial aims to identify effec-
tive novel agents using personalized assessment of tumor
molecular features for patients with high-risk breast cancer
in the neoadjuvant setting [20]. Patients enrolled in the trial
are randomized based on their tumor molecular subtype to
receiving one of several investigational agents in combina-
tion with paclitaxel for 12 weeks followed by four cycles
of dose dense doxorubicin/cyclophosphamide (AC) before
proceeding to surgery. While on-treatment, patients undergo
serial breast MRIs to assess treatment response. Among the
investigational agents used were the PD-1 monoclonal anti-
body pembrolizumab, as well as intra-tumoral injections
of SD-101. SD-101 is a therapeutic vaccine that contains a
synthetic oligonucleotide with cytidine-phospho-guanosine
(CpG) motifs that stimulates plasmacytoid dendritic cells
(pDC) through engagement of toll-like receptor 9 (TLR9)
[21]. Preclinical studies have demonstrated that activation
of plasmacytoid dendritic cells expressing TLR9 by SD-101
potentiates T cell infiltration into the tumor microenviron-
ment, thereby increasing tumor cell destruction [22, 23].
Prior early phase clinical trials evaluated SD-101 in combi-
nation with pembrolizumab in patients with melanoma and
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lymphoma demonstrating response rates ranging from 28 to
78% with a favorable safety profile [24, 25].

While imaging changes after immunotherapy have
been described in other tumor types [26], there are little
data to describe changes to imaging in patients with early-
stage breast cancer. This is particularly true of the changes
seen with regional lymph nodes in response to treatment.
An understanding of these changes is critical to guiding
response assessment and planning surgical treatment in
patients undergoing neoadjuvant chemo-immunotherapy. In
particular, an understanding of the significance of emerg-
ing lymphadenopathy with this therapy and whether this
represents progression vs inflammatory changes. In this
study, we aimed to describe regional lymph node changes
on MRI in patients with Stage 2-3 breast cancer receiving
standard chemotherapy with or without immunotherapy on
the I-SPY2 trial. We hypothesized that patients undergoing
treatment with neoadjuvant chemo-immunotherapy would
demonstrate increased regional lymphadenopathy, possibly
due to underlying immune activation.

Methods
Participants and study design
I-SPY2 trial

The I-SPY?2 trial is a multi-center neoadjuvant platform trial
testing novel agents in combination with chemotherapy in
patients with Stage 2-3 biopsy-proven breast cancer. The
I-SPY2 trial design has been reported previously [27, 28].
I-SPY2 enrolls patients with all receptor subtypes. Partici-
pants were 18 years of age or older, had an Eastern Coop-
erative Oncology Group (ECOG) performance status of
1-2, adequate end-organ function. The study protocol was
reviewed and approved by the institutional review board
(UCSF IRB# 23-40,166; NCT# 01042379) and all patients
provided written informed consent prior to study enrollment.

Patients on the I-SPY trial are randomized based on their
tumor molecular characteristics to either the control arm
consisting of standard chemotherapy with weekly paclitaxel
80 mg/m? for 12 weeks followed by 4 cycles of doxorubicin
60 mg/m? and cyclophosphamide 600 mg/m? (ddAC) every
2 weeks for 8 weeks prior to undergoing definitive breast
surgery, or an investigational arm. Investigational arms con-
sist of weekly paclitaxel in combination with one of several
different investigational agents for a total of 12 weeks fol-
lowed by 4 cycles of AC and surgery.
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Lymph node assessment sub-study

This study included patients at a single institution (Uni-
versity of California San Francisco {UCSF}) randomized
between 12/2015 and 4/2021 to either: (i) the control arm;
(i1) investigational pembrolizumab 200 mg IV every 3 weeks
combined with weekly paclitaxel; or (iii) investigational
intra-tumoral injection of SD-101 given weeks 1-4, 7, 10,
in combination with weekly paclitaxel and pembrolizumab
200 mg IV every 3 weeks. The dose of SD-101 (2mg/ml)
was determined by the tumor size (1 ml for tumors <5 cm,
2 ml for tumors >5 cm or with direct extension into chest
wall/skin).

Imaging assessments

As part of I-SPY2, patients underwent dynamic contrast-
enhanced breast MRI at baseline (pre-treatment), as well
as 3, 12, and 20 weeks on study therapy. The 20-week scan
served as the patient’s pre-operative evaluation. For this
investigation, each MRI was reviewed by a single UCSF
breast radiologist who was blinded to the treatment arm as
well as the follow-up MRI time point after the baseline scan.
MRIs were evaluated for abnormal ipsilateral axillary nodes,
defined as nodes with cortical thickening > 3mm, effacement
or loss of the fatty hilum, rounded shape, and irregular mar-
gins. MRIs were monitored over time for changes in size
of the largest abnormal node OR the development of new
abnormal nodes. New lymphadenopathy was defined as
development of new qualitative morphologic abnormalities
as assessed qualitatively by the reading radiologist. Mor-
phologic abnormalities included nodal enlargement due
to circumferential or eccentric cortical thickening > 3mm,
effacement or loss of fatty hilum, rounded shape, nodal soft
tissue replacement. Evaluation of new lymph nodes included
axillary levels level I-III. Longest tumor diameter of breast
tumor was also assessed at each time point by the same
radiologist.

FTV of the primary breast tumor was assessed centrally
prospectively during the trial and reported for each time-
point. FTV was defined as the volume of tumor display-
ing rapid early enhancement followed by a rapid loss of
enhancement on dynamic contrast-enhanced MRI [16-19].

Clinical and pathologic assessments

Several clinical and pathologic characteristics were collected
at baseline. These included residual cancer burden (RCB) at
time of surgery [29], estrogen receptor status, clinical node
status pathologic grade of breast tumor at diagnosis, and Mam-
maPrint [30] high-risk category (with “high 1 [H1]” indicating
patients with a score of 0 to —0.57 and “high 2 [H2]” indicat-
ing patients with a score less than —0.57). Tumor specimens

were also analyzed using the ImPrint immune assay, an inves-
tigational 53 gene signature developed through the ISPY2
clinical trial aimed at identifying tumors most likely to achieve
pathologic complete response with the addition of ICI [31, 32].
Incidence of immune-related adverse events was evaluated for
patients based on regional lymph node change.

Study objectives

The primary study objective was to characterize changes
in regional lymph nodes on breast MRI and to determine if
patients receiving chemo-immunotherapy had a higher inci-
dence of new or enlarging regional lymphadenopathy dur-
ing treatment compared to patients receiving chemotherapy
alone. A key secondary objective was to describe changes to
breast tumor size and volume with chemo-immunotherapy.
Exploratory objectives included: (i) assessing the correlation
of increasing regional lymphadenopathy with residual cancer
burden (RCB) [29] at surgery; (ii) assessing the correlation
between increasing regional lymphadenopathy and develop-
ment of immune-related toxicities; (iii) comparing changes
in regional lymphadenopathy with changes in longest tumor
diameter and FTV of the primary breast tumor; (iv) assessing
the correlation between increasing regional lymphadenopathy
and clinicopathologic characteristics.

Statistical methods

The association between increased lymphadenopathy and type
of treatment received was tested using Fisher's exact test using
R where the null hypothesis was that there was no relationship
between increasing lymphadenopathy and treatment received.
This was tested against the alternative hypothesis that increas-
ing lymphadenopathy was associated with receiving chemo-
immunotherapy. In addition, the association between increas-
ing lymphadenopathy and the extent of RCB was also tested
using Fisher's exact test using R where the null hypothesis was
that there was no relationship between increasing lymphad-
enopathy and achieving RCB 0 or 1. This was tested against
the alternative hypothesis that increasing lymphadenopathy
was associated with achieving RCB 0 or 1. A significance level
of 0.05 was set for these tests. Descriptive statistics were used
to evaluate changes with regional lymph nodes in relation to
incidence of immune toxicity, changes in tumor size, FTV and
clinicopathologic characteristics.

Results
Patient characteristics

Between December 2015 and April 2021, a total of 43
I-SPY2 patients were enrolled to the control (n=16),
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pembrolizumab (n=11) and pembrolizumab + SD-101
arms (n=16) at UCSF. Patient characteristics are outlined
in Table 1. The median age across the entire population was
45 years, and 35 patients (81.3%) were pre/peri menopausal
while 8 (18.6%) were post-menopausal. 25 patients (55.5%)
had estrogen receptor positive (ER +) and human epidermal
growth factor receptor 2 (HER2-) disease while 18 patients
(40%) had TNBC. The majority of patients were non-His-
panic white (30 patients, 69.7%).

Eight patients (50%) in the control arm, 8 patients (72.7%)
in the pembrolizumab group and 10 patients (62.5%) in the
SD-101 arm were clinically node positive. Clinically node
positive disease was confirmed by FNA. Mean baseline
tumor diameter in the control, pembrolizumab and SD-101
groups were 4.66 cm (range 2-12), 5.09 (range 2.7-8.7)
and 4.69 (range 1.3-8), respectively. Baseline FTV in the
control, pembrolizumab and SD-101 groups was 17.48
(1.31-64.33), 24.37 (2.35-67.98), and 23.19 (0.03-71.03),
respectively. When comparing between treatment groups,
the chemo-immunotherapy group had a higher percentage
of patients with HR + disease (17 patients, 63%) compared
to the control group (8 patients, 50%). Additionally, the con-
trol group had lower baseline FTV (17.48 cc) compared to
either chemo-immunotherapy arm (24.37 and 23.19 cc for
pembrolizumab and SD-101 groups, respectively).

Table 1 Patient characteristics

Lymph node changes by treatment arm and time
point

Of the 27 patients who received chemo-immunotherapy,
12 patients experienced either new lymphadenopathy or
increase in diameter of the largest abnormal ipsilateral
lymph node. This included 2 patients in the pembrolizumab
group and 10 patients in the SD-101/pembrolizumab group
(Table 2, Fig. 1a). 6 had an increase in number, 3 had an
increase in diameter, and 3 had both. This change was sta-
tistically significant when compared to 1 patient in the con-
trol group who experienced increased diameter of regional
lymph nodes (p =0.0143; Fig. 1a-b, Table 2). The change
in lymphadenopathy was primarily driven by changes in the
SD-101/pembrolizumab arm compared to control (p =0.002,
Supplementary Table 1). Of note, 6 patients in the SD-101/
pembrolizumab arm had enlargement of lymph nodes out-
side of ipsilateral axillary region, including the contralat-
eral axillary nodes and ipsilateral internal mammary nodes
(Supplementary Table 1). Of the 12 patients in the chemo-
immunotherapy group who experienced larger or new lym-
phadenopathy, all changes occurred either at 3 or 12 weeks
with subsequent decrease by week 20 (See Table 2, Fig. 1b).
11 out of these 12 patients were also found to be pathologi-
cally lymph node negative at the time of surgery (Table 4).

All (n=43) Control (n=16) Pembrolizumab? (n=11) SD-101° (n=16)

Median age 45 42 48 46
Menopausal status

Pre/Perimenopausal 35 (81.3%) 13 (81.2%) 9 (81.8%) 13 (81.2%)

Postmenopausal 8 (18.6%) 3(18.8%) 2 (18.2%) 3 (18.8%)
Tumor characteristics

ER +/HER2— 25 (55.5%) 8 (50%) 7 (63.6%) 10 (62.5%)

TNBC 18 (40.0%) 8 (50%) 4 (36.4%) 6 (37.5%)
Race

Non-hispanic white 30 (69.7%) 11 (68.8%) 8 (72.7%) 11 (68.6%)

Hispanic 6 (14.0%) 2 (12.5%) 2 (18.2%) 2 (12.5%)

Asian 5(11.6%) 3 (18.8%) 0 2 (12.5%)

Other 2 (4.7%) 0 17 (9.1%) 17 (6.3%)
Clinical node status

Positive 26 (60.5%) 8 (50%) 8 (72.7%) 10 (62.5%)

Negative 17 (39.5%) 8 (50%) 3(27.3%) 6 (37.5%)
Mean baseline tumor largest  4.78 (1.3-12) 4.66 (2-12) 5.09 (2.7-8.7) 4.69 (1.3-8)

diameter in cm (range)

Mean baseline functional
tumor volume in cc (range)

21.36 (0.03-71.03)

17.48 (1.31-64.33)

24.37 (2.35-67.98) 23.19 (0.03-71.03)

#Pembrolizumab group received pembrolizumab combined with paclitaxel

®SD-101 received SD-101 combined with pembrolizumab and paclitaxel

*One patient in the pembrolizumab group identified as American Indian or Alaskan Native, **One patient in the SD-101 group identified as

Black or African American

ER + estrogen receptor positive; HER2 — negative for HER2 amplification; TNBC triple negative breast cancer
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Table 2 Lymph node changes

Control Pem- SD- Immunotherapy
broli- 101 4+pem-  groups com-
zumab  brolizumab  bined

Number of patients with increase in lymph node diameter OR new
ipsilateral axillary lymph nodes

Any time point 1 2 10 12

Baseline to 3 0 0 10 10
weeks

Baseline to 12 0 2 2 4
weeks

Baseline to 20 1 0 0 0
weeks

Number of patients with increase in lymph node size

Any time point 0 0 6 6

Baseline to 3 0 0 6 6
weeks

Baseline to 12 0 0 5 5
weeks

Baseline to 20 0 0 1 1
weeks

Number of patients developing NEW abnormal appearance in
contralateral or internal mammary lymph nodes

Any time point 0 0 6 6

Baseline to 3 0 0 5 5
weeks

Baseline to 12 0 0 6 6
weeks

Baseline to 20 0 0 2 2
weeks

The one patient in the control group who experienced
increased lymphadenopathy developed this at 20 weeks
(see Table 2, Fig. 1b) and was found to be node positive at
surgery. Mean lymph node diameter of the largest abnormal
lymph node and mean lymph node cortex size for all patients
is depicted in Fig. 1c and d and Table 3. For those patients
with increased lymphadenopathy, baseline diameter of the
largest abnormal ipsilateral lymph node was 10.85 mm with
an increase to 12.92 mm at 3 weeks and subsequent decrease
(Table 3, Fig. 1c). Similarly, mean cortex thickness of the
largest abnormal ipsilateral lymph node in the group with
increased lymphadenopathy was 8.92 mm with an increase
to 10.50mm at 3 weeks and subsequent decrease (Table 3,
Fig. 1d). Average lymph node diameter and cortex thickness
of the largest abnormal ipsilateral node is depicted by treat-
ment arm in Table 3 and Supplementary Fig. 1.

Lymph node change and clinicopathologic
characteristics

In patients who received chemo-immunotherapy, 8 of 12
patients (66.7%) with increased lymphadenopathy achieved
RCB of 0 or 1, compared to 8 of 15 (53.3%) patients without

increased lymphadenopathy (p=0.696, see Fig. 2, Table 4).
Four (33.3%) patients with increased lymphadenopathy had
RCB2 or 3, compared to 7 (46.7%) patients without increased
lymphadenopathy. When evaluating the SD101 and pembroli-
zumab arm alone, 7 of 10 (70%) with increased lymphade-
nopathy achieved RCB of 0 or 1, compared to 2 of 6 (33.3%)
without increased lymphadenopathy (p=0.302, Supplemen-
tary Table 1). In patients with TNBC, 3 (25%) had increased
lymphadenopathy and in patients with HR +/HER?2 + breast
cancer, 9 (75%) had increased lymphadenopathy. Increased
lymphadenopathy was observed in 6 (33%) patients with clini-
cally node positive disease and 6 (67%) patients with clinically
node negative disease. In patients with increased lymphad-
enopathy, there was an even distribution of MammaPrint(30)
H1 and H2 (6 patients, 50%) and in the patients without
increased lymphadenopathy there were 9 (60%) patients with
H1 and 6 patients (40%) with H2. Two patients (16.7%) were
ImPrint positive in the group with increased lymphadenopathy
compared to 6 (40%) in the patients without increased lym-
phadenopathy. Finally, the majority of patients in both groups
had grade 3 tumors, with 6 (50%) in the increased lymphad-
enopathy group and 9 (60%) in the group with no change or
decreased lymphadenopathy.

Lymph node change and immune-related toxicity

We evaluated immune toxicities of patients undergoing ICI
with pembrolizumab alone or pembrolizumab with SD-101
as outlined in Fig. 3. Of patients who experienced increased
lymphadenopathy, 8 (66.7%) also experienced an immune-
related adverse event (irAE) including adrenal insufficiency
(n=3), rash (n=4), thyroiditis (n=1). In patients undergo-
ing ICI who did not experience a change in lymphadenopa-
thy, 10 (66.7%) experienced an irAE including adrenal insuf-
ficiency (n=1), rash (n=35), thyroiditis (n=>5), transaminitis
(n=1) and arthritis (n=1).

Breast tumor size and volume

Average longest breast tumor diameter and FTV are out-
lined in Table 5 and Fig. 4. In all three treatment groups,
breast tumor diameter and FTV decreased at each time point.
Baseline FTV and percent decrease in FTV over time were
higher in patients who received chemo-immunotherapy com-
pared to controls, including patients who had a concomitant
increase in regional LNs.

Discussion
With the increasing use of ICI in the treatment of breast

cancer, early signs of treatment benefit as well as predic-
tors of immune-related toxicity are needed in order to select
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Fig.1 Lymph node change by treatment group. a Increased lymphad-
enopathy by treatment group. Percentage of patients with increased
lymphadenopathy is depicted for each treatment group. Increased
lymphadenopathy was defined as either an increase in the diameter
of the largest abnormal ipsilateral lymph node or the appearance of
new morphologically abnormal-appearing regional lymph nodes.
Those undergoing immunotherapy with increased lymphadenopa-
thy are depicted in blue while those undergoing control treatment
with increased lymphadenopathy are depicted in red. b Increased
lymphadenopathy by time point. Number of patients with increased
lymphadenopathy is depicted for each treatment group by timepoint.
Timepoints represent the first instance in which a patient developed
new/increased adenopathy. MRI at each time point was compared
to baseline imaging. Increased lymphadenopathy was defined as
either an increase in the diameter of the largest abnormal ipsilateral
lymph node or the appearance of new morphologically abnormal-
appearing regional lymph nodes. Those undergoing immunotherapy
with increased lymphadenopathy are depicted in blue while those
undergoing control treatment with increased lymphadenopathy are

patients for whom the benefits of immunotherapy outweigh
the risks. Early radiologic markers of response represent one
possible predictive tool, particularly with the use of serial
breast MRIs, which are already commonly used in the set-
ting of neoadjuvant therapy [9, 11, 13]. Prior serial breast
MRI evaluation has focused on changes with neoadjuvant
chemotherapy alone, with decreasing tumor size and FTV
predictive of response [9, 13, 16, 17, 19]. However, in the
case of treatment with ICI, the phenomenon of “pseudo-
progression” has been described in a variety of tumor
types in which initial increase in tumor size and volume,
thought to be due to immune cell infiltration, are followed by
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depicted in red. ¢ Average longest lymph node diameter grouped by
changes to regional lymph nodes. MRI images at baseline, 3, 12 and
20 weeks were analyzed by a single radiologist that was blinded to
treatment arm. Diameter size of the largest abnormal lymph node for
each patient was noted with the average diameter depicted at each
time point for those undergoing immunotherapy that experienced
increased adenopathy (depicted in blue), those undergoing immu-
notherapy who did not experience increased regional adenopathy
(depicted in red) and those undergoing control treatment (depicted
in grey). d Average longest lymph node cortex thickness grouped by
changes to regional lymph nodes. MRI images at baseline, 3, 12 and
20 weeks were analyzed by a single radiologist that was blinded to
treatment arm. Cortex thickness of the largest abnormal lymph node
for each patient was noted with the average thickness depicted at each
time point for those undergoing immunotherapy that experienced
increased adenopathy (depicted in blue), those undergoing immu-
notherapy who did not experience increased regional adenopathy
(depicted in red) and those undergoing control treatment (depicted in
grey). Abbreviations: LAD =lymphadenopathy

subsequent treatment response. This phenomenon suggests
that there may be unique patterns of imaging changes asso-
ciated with chemo-immunotherapy as opposed to chemo-
therapy alone [26, 33, 34]. In addition, very little is known
regarding regional lymph node changes on imaging in
response to neoadjuvant chemo-immunotherapy and whether
increased adenopathy may be a sign of disease progression
or of immune activation. In this study, we aimed to evaluate
changes in regional lymphadenopathy in patients with stage
2-3 breast cancer undergoing neoadjuvant chemo-immuno-
therapy compared to those receiving chemotherapy alone.
To our knowledge, this is the first study to evaluate lymph
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Table 3 Average lymph node size

Average lymph node size of largest abnormal ipsilateral node grouped by change in lymph node

Increase in lymph node size/number in
immunotherapy group (n=12)

No increase in lymph node size/number in
immunotherapy group (n=15)

Control group (n=16)

Average lymph node
diameter in mm (range)

Baseline 10.85 (3-22)
3 weeks 12.92 (8-22)
12 weeks 10.31 (3-15)
20 weeks 5.54 (3-15)
Average lymph node cor-
tex size in mm (range)

Baseline 8.92 (3-22)
3 weeks 10.50 (5-22)
12 weeks 7.83 (23-14)
20 weeks 4.17 3-11)

14.07 (3-24) 10.56 (3-28)
11.40 (3-20) 8.75 (3-15)
8.53 (3-18) 5.63 (3-12)
5.07 (3-13) 5.38 (3-9)
13.40 (3-24) 9.31 (3-28)
10.73 (3-20) 7.31 (3-15)
7.07 (3-18) 4.69 (3-12)
4.87 (3-13) 4.50 (3-11)

Average lymph node size of largest abnormal ipsilateral node grouped by treatment arm

Control Pembrolizumab SD-101 + pembrolizumab Immunotherapy
groups com-
bined

Average lymph node diameter in mm (range)

Baseline 10.56 (3-28) 11.91 (3-24) 13.00 (3-23) 12.56 (3-24)
3 weeks 8.75 (3-15) 10.18 (3-20) 13.38 (8-22) 12.07 (3-22)
12 weeks 5.63 (3-12) 7.64 (3-18) 10.50 (3-16) 9.33 (3-16)
20 weeks 5.38 (3-9) 4.64 (3-13) 5.25(3-15) 5.00 (3-15)
Average lymph node cortex size in mm (range)

Baseline 9.31 (3-28) 10.73 (3-24) 11.88 (3-23) 11.41 (3-24)
3 weeks 7.31 (3-15) 8.91 (3-20) 11.81 (6-22) 10.63 (3-22)
12 weeks 4.69 (3-12) 5.64 (3-18) 8.63 (3-16) 7.41 (3-18)
20 weeks 4.50 (3-11) 4.45 (3-13) 4.63 (3-11) 4.56 (3-13)

node changes in patients with early breast cancer undergoing
neoadjuvant chemo-immunotherapy, and to explore poten-
tial relationships with surgical pathology and other patient
characteristics.

We found that patients undergoing chemo-immunother-
apy, primarily with paclitaxel, pembrolizumab, and SD-
101were more likely to develop increased lymphadenopa-
thy compared to patients undergoing chemotherapy alone
(44 vs 6.6%, p=0.0143, Fig. 1, Table 2). Lymphadenopa-
thy increased within the first 12 weeks of treatment prior to
decreasing on subsequent therapy and occurred in a larger
percentage of patients undergoing SD-101 with pembroli-
zumab compared to pembrolizumab alone. Of note, we
found that SD-101 injections results in both ipsilateral and
contralateral lymphadenopathy and may be informative for
MRI monitoring of other trials utilizing localized therapies
combined with systemic therapies. Similar findings have
been reported in patients with non-small cell lung cancer
undergoing neoadjuvant ICI who developed morphologically

abnormal lymph nodes after treatment that upon biopsy were
devoid of cancer cells but did show development of granu-
lomatous inflammation [35]. Interestingly, despite early
changes in lymphadenopathy, we note a persistent decrease
in breast tumor size at all time points in both chemo-immu-
notherapy and control groups (Fig. 4, Table 5). These results
suggest that patients undergoing chemo-immunotherapy
may be more likely to experience early lymph node changes
that are independent of tumor response to treatment. One
reason for this may be that chemo-immunotherapy activates
immune cells residing in regional lymph nodes against
tumor cells in the breast. Prior preclinical studies in mouse
models have demonstrated a persistent peripheral immune
activation in regional lymph nodes being associated with
ongoing tumor response to chemo-immunotherapy [36].
Evaluation of patients with head and neck squamous cell
cancer has previously shown an increase in CD8+ T cell
activity in uninvolved regional lymph nodes in response to
immune checkpoint inhibitor treatment [37]. Thus, it may be

@ Springer



154 Breast Cancer Research and Treatment (2025) 209:147-159
B 100 C 100+ D 100~
2 75%
% 80— (n=9) 80 80 60%
o =9 50%
& 60- 60- 50% (n=9) o
o (n=6) 409
A &
8 40 40
b
@
o 20 20
100 &
2 0- 0-
o 80 ER+ ER- High 1 High 2
S Mammaprint Category
s
]
3 &S
o
[
o
E F
. 100+ 83% 100
Residual Cancer Burden (RCB) @
8
®
o
b3
o
Increased )
Em |ymphadenopathy in IO g
group 2
o
No increased 2

Bl |ymphadenopathy
in 1O group

B Control

Fig.2 Lymph node changes and clinicopathologic characteristics.
a Residual cancer burden by treatment group. Residual cancer bur-
den (RCB) was calculated after surgery using previously established
methods as described in manuscript. Increased lymphadenopa-
thy was defined as either an increase in the diameter of the largest
abnormal ipsilateral lymph node or the appearance of new morpho-
logically abnormal-appearing regional lymph nodes. Patients under-
going immunotherapy with increased lymphadenopathy are depicted
in blue while those without increased lymphadenopathy are depicted
in red. RCB was also calculated in patients undergoing control treat-
ment with chemotherapy alone, depicted in grey. b Estrogen receptor
status and lymphadenopathy in patients undergoing immunotherapy.
Changes in lymphadenopathy were assessed in patients with estro-
gen receptor positive disease and estrogen receptor negative disease
for patients undergoing immunotherapy treatment. Patients undergo-
ing immunotherapy with increased lymphadenopathy are depicted in
blue while those without increased lymphadenopathy are depicted in
red. ¢ Clinical node status and lymphadenopathy in patients under-
going immunotherapy. Changes in lymphadenopathy were assessed
for patients deemed to have clinically node positive and negative dis-

that an early increase in lymphadenopathy seen on imaging
may be reflective of increased peripheral immune activation
against tumor.

The overall young age of patients in this cohort (median
age 45) which may lead to heightened immune activation,
and thus more pronounced lymph node imaging changes on
MRI, compared to older patients who typically experience
immunosenescence with age [38]. Furthermore, all patients
in this cohort had early-stage disease. It is unclear if increas-
ing lymphadenopathy with chemo-immunotherapy would
be seen in patients with metastatic disease, particularly for
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Grade 2 Grade 3 Unknown

ease prior to treatment initiation. Patients were defined as clinically
node positive if they had a lymph node biopsy that was positive for
malignancy or if explicitly stated by the treating physician. d Mam-
maprint and lymphadenopathy in patients undergoing immunother-
apy. Changes in lymphadenopathy were assessed for patients based
on Mammaprint score. All patients in ISPY?2 trial were required to
have Mammaprint high-risk disease in order to receive immuno-
therapy. Mammaprint High 1 was defined as any score between
0 and—0.56 while High 2 is defined as a score less than—0.56. e
Imprint status and lymphadenopathy in patients undergoing immuno-
therapy. Changes in lymphadenopathy were assessed for patients with
positive and negative Imprint assay. Imprint is a multigenomic panel
developed through analysis of patients on the ISPY trial designed
to predict those patients most likely to respond to immune check-
point inhibition. f Grade and lymphadenopathy in patients undergo-
ing immunotherapy. Changes in lymphadenopathy were assessed for
patients based on grade of tumor at time of diagnosis. Abbreviations:
10 =immunotherapy; ER + =estrogen receptor positive; ER— =estro-
gen receptor negative

those who are heavily pre-treated, as prior treatment may
impair or alter the immune response to ICI. The majority of
cases of increased lymphadenopathy were seen in patients
who received intra-tumoral SD-101 in combination with
ICI which is proof of concept that intra-tumor injection can
potentially increase tumor immunogenicity, a key strategy
for overcoming immunotherapy resistance.. While fewer
patients receiving chemotherapy and pembrolizumab alone
had increased regional lymphadenopathy, it is important to
note that two patients in the pembrolizumab arm (without
SD101) experienced new lymph nodes at 12 weeks and were
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Table 4 Lymph node change and clinical characteristics/outcomes

Increase in lymph node size/number in
immunotherapy group (n=12)

No increase in lymph node size/number in Control group (n=16)

immunotherapy group (n=15)

RCB
RCBOor1 8 (66.7%)
0 5 (41.7%)
1 3 (25.0%)
RCB 2 or3 4 (33.3%)
2 4 (33.3%)
3 0 (0%)
Subtype
TNBC 3(25.0%)
HR +/HER2—- 9 (75.0%)
Clinical node status at baseline
Positive 6 (50.0%)
Negative 6 (50.0%)
Pathologic node status at surgery
Positive 1(8.3%)
Negative 11 (91.7%)
Mammaprint
High 1 6 (50.0%)
High 2 6 (50.0%)
ImPrint+ 2 (16.7%)
Grade
1 1(8.3%)
2 4 (33.3%)
3 6 (50.0%)
Unknown 1(8.3%)

8 (53.3%) 9 (56.3%)
6 (40.0%) 4 (25.0%)
2 (13.3%) 5(31.3%)
7 (46.7%) 7 (43.8%)
4(26.7%) 4(25.0%)
3 (20.0%) 3 (18.8%)
9 (60.0%) 8 (50.0%)
6 (40.0%) 8 (50.0%)
12 (80.0%) 9 (56.3%)
3 (20.0%) 6 (37.5%)
7 (46.7%) 7 (43.8%)
8 (53.3%) 9 (56.3%)
9 (60.0%) 8 (50.0%)
6 (40.0%) 8 (50.0%)
6 (40.0%) 3 (18.8%)
0 (0%) 0 (0%)
4(26.7%) 3 (18.8%)
9 (60.0%) 12 (75.0%)
2 (13.3%) 1 (6.3%)

RCB residual cancer burden; HR +hormone receptor positive; HER2 — negative for HER2 amplification; TNBC triple negative breast cancer

subsequently node negative with decreased breast tumor size
at the time of surgery. As immune checkpoint inhibitors are
combined with other investigational agents in the future, it
is important to understand the imaging patterns of various
combinations in order to optimize clinical trial design and
inform clinical practice.

When looking at RCB after neoadjuvant chemo-immu-
notherapy, there was no significant difference between rates
of RCB 0 or 1 in patients with increasing lymphadenopathy
compared to those without, though the absolute percent-
age of patients achieving RCB 0 or 1 was higher in those
with increased lymphadenopathy (66.7 vs 53.3%, p=0.696,
Fig. 2, Table 4). There were also similar rates of RCB 2 or
3 in patients with increasing lymphadenopathy compared
to those without (33.3 vs 46.7%). As noted above, primary
tumor parameters improved equally in both cohorts, suggest-
ing the increased lymphadenopathy does not represent new
metastatic disease/disease progression and, if reproduced in
larger cohorts, does not warrant sampling mid-therapy. This
is supported by the fact that, of the 12 patients who experi-
enced increased lymphadenopathy within the first 12 weeks,

11 (92%) had subsequent decrease in lymphadenopathy over
the entire 20 weeks of neoadjuvant therapy with the remain-
ing patient experiencing stable lymphadenopathy. In addi-
tion, 11 (92%) of these 12 patients were found to have patho-
logically negative lymph nodes at the time of surgery. This is
despite 6 of these patients (50%) having biopsy-proven posi-
tive nodes prior to starting chemo-immunotherapy. While
these trends were not significant, it is possible that this is
largely due to the small sample size in our study and further
studies in larger cohorts are needed to explore the associa-
tion of imaging lymphadenopathy and treatment response.
We did note that patients undergoing chemo-immunotherapy
achieved RCB 0 at a higher rate compared to control (41 vs
25%) which is consistent with larger phase III trials showing
increased rates of pCR with the addition of ICI to chemo-
therapy [1, 4, 39].

Our results did not indicate a correlation between estro-
gen receptor status, clinical lymph node status, MammaPrint
score, Imprint score or tumor grade in the development
of increased lymphadenopathy. We also observed similar
rates of irAE in patients with increased lymphadenopathy
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Fig.3 Immune-related adverse events in patients undergoing chemo-
immunotherapy. a Lymph node changes in patients with and without
immune-related adverse events. Incidence of immune-related adverse
events was noted for patients undergoing immunotherapy with
increased lymphadenopathy compared to those without increased
lymphadenopathy. Increased lymphadenopathy was defined as
either an increase in the diameter of the largest abnormal ipsilateral
lymph node or the appearance of new morphologically abnormal-
appearing regional lymph nodes. Patients who developed immune-

compared to those without (66.7% in both groups), suggest-
ing that regional lymphadenopathy may not predict develop-
ment of off-target immune activity in our small sample size.
This may point to differential mechanisms of immune activa-
tion associated with regional lymphadenopathy compared to
development of systemic adverse events. While at this time
this finding is hypothesis-generating for future investigation,
it suggests the possibility of distinct immune mechanisms of
response as opposed to toxicity.

As previously mentioned, one major limitation of this
study is the small sample size which may lead to bias or
lack of generalizability. In addition, we note that most
lymph node increases were observed in patients undergoing
SD-101 in combination with pembrolizumab and chemo-
therapy, indicating that our results may not be generalizable
to larger groups of patients who undergo ICI and chemo-
therapy alone. Finally, MRI may not be the optimal imag-
ing modality to assess lymph node size, as ultrasound is
often the method of choice for evaluating suspicious axillary
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related adverse events are depicted in red while those who did not are
depicted in blue. b Types of immune-related adverse events in those
with increased lymphadenopathy. Specific types of immune-related
adverse events are depicted for patients undergoing immunotherapy
with increased lymphadenopathy. ¢ Types of immune-related adverse
events in those without increased lymphadenopathy. Specific types of
immune-related adverse events are depicted for patients undergoing
immunotherapy without increased lymphadenopathy

nodes [40]. However, as MRI is the best modality to evaluate
neoadjuvant treatment response, findings on this modality
need to be understood.

In conclusion, we found that patients undergoing neo-
adjuvant chemo-immunotherapy with pembrolizumab with
or without SD-101 were more likely to experience early
increased lymphadenopathy on serial MRI within the first
12 weeks of treatment despite concomitant decreases in
breast tumor size. This effect was driven by the SD-101/
pembrolizumab arm. The findings suggest that increasing
adenopathy in this clinical context is unlikely to represent
disease progression and it may be reasonable to defer follow-
up imaging in the neoadjuvant setting. We did not observe
a correlation between residual cancer burden, clinical node
status, MammaPrint high-risk score, Imprint score, tumor
ER status or tumor grade with increased lymphadenopathy
and patients experienced similar rates of irAE regardless of
lymph node changes. Future studies are warranted to deter-
mine whether on-treatment increases in lymphadenopathy



Breast Cancer Research and Treatment (2025) 209:147-159 157
Table5 Breast tumor changes Control Pembrolizumab ~ SD-101 + pembrolizumab  Immunotherapy
groups com-
bined
Average breast tumor diameter in cm (standard deviation)
Baseline 4.66 (2.66) 5.09 (2.01) 4.69 (1.70) 4.85(1.84)
3 weeks 4.37 (3.15) 4.02 (2.02) 3.58 (2.82) 3.75 (2.55)
12 weeks 2.34 (3.04) 2.69 (2.45) 3.06 (2.39) 291 (2.42)
20 weeks 1.57 (3.02) 1.21 (1.66) 1.77 (2.29) 1.54 (2.08)
Average change in breast tumor diameter in cm
Baseline to 3 weeks -0.29 -1.03 - 1.11 - 1.08
Baseline to 12 weeks —2.32 - 240 - 1.63 - 1.94
Baseline to 20 weeks —3.19 -3.89 -2.92 -3.31

Average functional breast tumor volume in cc (standard deviation)

Baseline 17.48 (18.72) 24.37 (18.71) 23.19 (20.19) 23.67 (19.61)
3 weeks 11.91 (14.99) 15.39 (19.16) 14.47 (9.15) 14.85 (14.21)
12 weeks 2.79 (4.18) 3.39 (5.67) 5.24 (7.54) 4.49 (6.90)
20 weeks 1.31 2.77) 2.32 (4.45) 2.73 (4.34) 2.56 (4.44)
Change in functional breast tumor volume
Baseline to 3 weeks —-5.56 —8.98 —-8.72 —8.82
Baseline to 12 weeks — 15.75 —20.78 —19.67 —19.18
Baseline to 20 weeks — 16.41 —-21.97 —22.22 —-21.11
Pre-op pre-operative
A B
- B
£ 5.5 >
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Fig.4 Changes in breast tumor size and volume by treatment group.
a Changes in mean longest breast tumor diameter by treatment group.
Breast tumor longest diameter size was assessed for each individual
patient by MRI at baseline, 3, 12 and 20 weeks after start of ther-
apy by a single radiologist who was blinded to treatment arm. The
mean diameter is depicted by time point above. Patients receiving
control treatment are depicted in red while patients receiving immu-

may be an early sign of treatment response to neoadjuvant
chemo-immunotherapy.
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