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Abstract:

Purpose: We evaluated whether biomarkers on baseline [18F]-FDG PET/CT are associated with recurrence

after surgery in patients with invasive breast cancer of no special type (NST).

Methods: In this retrospective single-center study, we included consecutive patients with non-metastatic breast
cancer of NST who underwent [18F]-FDG PET/CT before treatment, including surgery, between 2011 and
2016. Clinicopathological data were collected. Tumor SUVmax, total metabolic tumor volume (TMTV), and
spleen- and bone marrow-to-liver SUVmax ratios (SLR, BLR) were measured from the PET images. Cut-off
values were determined using predictiveness curves to predict 5-year recurrence-free survival (5y-RFS). A
multivariable prediction model was developed using Cox regression. The association with stromal tumor-

infiltrating lymphocytes (TILs) levels (low if <50%) was studied by logistic regression.

Results: Three hundred and three women were eligible, including 93 (31%) with triple-negative breast
carcinoma. After a median follow-up of 6.2 years, 56 and 35 patients experienced recurrence and death,
respectively. The Sy-RFS rate was 86%. In multivariable analyses, high TMTV (>20 ¢cm3) and high SLR
(>0.76) were associated with shorter Sy-RFS (HR 2.4, 95%CI 1.3-4.5, and HR 1.9, 95%CI 1.0-3.6). In logistic
regression, high SLR was the only independent factor associated with low stromal TILs (OR 2.8, 95%CI 1.4—
5.7).

Conclusion: High total metabolic tumor volume and high spleen glucose metabolism on baseline [18F]-FDG
PET/CT were associated with poor 5y-RFS after surgical resection in patients with breast cancer of NST.
Spleen metabolism was inversely correlated with stromal TILs and might be a surrogate for an

immunosuppressive tumor microenvironment.
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Introduction

Identification of more accurate predictors of recurrence in patients with non-metastatic breast cancer
might facilitate the selection of therapy. Treatment decisions are currently based on clinicopathological
characteristics as well as tools that provide additional information in the decision-making process, such as
genomic tests or molecular signatures [1-3]. However, these tests are not readily available in all institutions and
discordances in the estimates provided by these tests have sometimes been observed [4]. In addition, these

signatures do not take into account the individual imaging characteristics of breast cancer patients.

Fluorine-18-fluorodeoxyglucose positron emission tomography/computed tomography ([18F]-FDG
PET/CT) is currently recommended by the National Comprehensive Cancer Network (NCCN) guidelines for
disease staging [5, 6] and might also provide significant prognostic information [7, 8]. Tumor glucose
metabolism assessed by the maximum standardized uptake value (SUVmax) is used as a surrogate of tumor
aggressiveness and tumor cell proliferation [9, 10]. Several studies have demonstrated the prognostic value of
SUVmax of the primary breast tumor and/or regional lymph nodes measured on [18F]-FDG PET/CT in non-
metastatic breast cancer [11-13]. There is also strong evidence that metabolic tumor volume, as measured by
total metabolic tumor volume (TMTYV) or total lesion glycolysis (TLG), is a strong predictor of recurrence [14,

15] and pathological complete response in the subset of patients treated by neoadjuvant chemotherapy [16].

An original approach to the prognosis of patient outcomes does not focus exclusively on tumor imaging
characteristics but includes imaging assessment of lymphoid tissues [17-21]. In the era of precision medicine,
such an approach might provide novel prognostic biomarkers to guide breast cancer patient management [22—
24]. Two main types of imaging biomarkers can be extracted from baseline [ 18F]-FDG PET/CT for this
purpose: tumor metabolism (tumor uptake and tumor volume) and nontumoral lymphoid tissue metabolism
(spleen and bone marrow). In addition to tumor tissue, nontumoral lymphoid tissues are reliable candidates, as
bone marrow (BM) and spleen FDG uptake measurements are considered to be surrogates of cancer-related

inflammation, which may have prognostic significance in a broad spectrum of tumor types [17, 18, 20, 25-27].

The current hypothesis is that tumor growth could play a pivotal role in reprogramming the host
immune system by regulating hematopoiesis, which might be associated with the expansion of BM and/or
spleen-derived immunosuppressive cells, such as tumor associated macrophages (TAMs) [28], regulatory T
cells (Tregs) [29], and Myeloid-Derived Suppressor Cells (MDSCs) [30]. In the specific population of patients
with invasive breast cancer of no special type (NST), only two recent studies, evaluating spleen [23] or BM
[24] metabolism as prognostic factors, could possibly improve stratification risk and guide treatment strategies.
However, external validation on large cohorts is an essential step before implementing these prognostic
biomarkers in clinical practice. Similarly, a better understanding of the pathophysiological process is also

needed to elucidate the relationship between the tumor and lymphoid tissues [31].



In this study, we specifically addressed this issue by determining the capacity of biomarkers measured
on pretreatment [18F]-FDG PET/CT and reflecting tumor and nontumoral lymphoid tissues metabolism, to
predict recurrence in addition to standard clinicopathological variables in patients with primary non-metastatic
breast cancer of NST. Secondly, we assessed the association between these imaging biomarkers and
histopathological findings in order to clarify the pathophysiological mechanisms involved in the cross-talk

between the tumor and its microenvironment and lymphoid tissues.

Methods
Patients

We conducted a retrospective review of 355 consecutive patients with biopsy-proven invasive breast
cancer of NST who underwent [18F]-FDG PET/CT imaging for initial staging at Institut Curie Hospital, Saint-
Cloud, France (the flow chart is provided in Fig. 1). Thirty-five patients were excluded on the basis of the
following criteria (some patients met multiple exclusion criteria): (i) patients with metastatic disease (n = 13);
(i1) patients with <24 months of follow-up without any event (n = 9); (iii) patients with no measurable disease
or no FDG-avid tumor (n = 8); (iv) patients with other primary malignancies (n = 7); (v) patients with treatment
or disease that could potentially influence metabolic activities in the spleen or bone marrow such as
corticosteroids, lithium, G or GM-CSF received over the last 2 months, history of chronic inflammatory, auto-
immune, or hematologic disease (hematologic malignancy or hemolytic anemia) or acute or chronic infection (n
=5); and (vi) patients who expressed their opposition to participate in medical research (n = 10). This
retrospective data collection complied with our Institutional Review Board (IRB DATA200300), with a waiver
of informed consent (“rule of non-opposition”) and the study was conducted in compliance with the Declaration

of Helsinki.

Treatment and post-treatment surveillance

Two main treatment sequences were defined according to the administration of neoadjuvant therapy or
upfront surgery: in the first group, treatment consisted of neoadjuvant therapy (chemotherapy or endocrine
therapy) together with anti- HER2 therapy for HER2+ cancers, followed by surgery (breast-conserving surgery
or mastectomy, with axillary lymph node dissection or sentinel lymph node technique), radiotherapy, and
endocrine therapy for HR+ cancers. In the second group, treatment consisted of upfront surgery (breast
conserving surgery or mastectomy, with axillary lymph node dissection or sentinel lymph node technique),
followed by adjuvant chemotherapy when indicated (+ anti-HER2 therapy for HER2+ cancers), radiotherapy,

and endocrine therapy for HR+ cancers.



After treatment, patients were regularly evaluated by clinical examinations, annual mammography, and
follow-up tumor marker tests. Follow-up examinations were performed every 3 months for the first 2 years,
then every 6 months for the next 3 years, and annually thereafter. When recurrence was suspected, CT, MRI, or

PET imaging was performed and biopsy of the lesion was recommended.

Clinicopathological data

Clinical data consisted of the patient’s age and menopausal status. T and N stages were determined
according to the 8th edition of the American Joint Committee on Cancer (AJCC) Staging Manual [32, 33].
Pathological characteristics of the primary breast cancer were obtained from biopsy samples, including
hormone receptor status (estrogen-ER and progesterone-PR), HER2 status, Ki-67 index, mitotic index,
histologic grade, and presence of vascular invasion, necrosis, or stromal tumor-infiltrating lymphocytes (TILs).
Stromal TILs were assessed on hematoxylin and eosin stained sections and sections with >50% stromal TIL
infiltrate were documented as breast cancer with high TILs [34], as proposed in the literature. Tumor markers
(cancer antigen-CA-15-3 and carcinoembryonic antigen-CEA) were measured before treatment initiation. The
whole cohort was classified according to the four main molecular subtypes (St. Gallen consensus): Luminal A
(ER+/PR+/HER2—/low Ki-67); Luminal B (ER+/PR+/HER2—/+/high Ki-67); HER2-overexpression (ER-/PR-
/HER2+), and triple-negative breast cancers/ TNBCs (ER-/PR-/HER2-) [35].

[18F]-FDG PET/CT scans

[18F]-FDG PET/CT scans were performed as part of staging in accordance with the applicable EANM
procedure guidelines [36]. Patients fasted for at least 6 h prior to scanning to ensure a blood glucose level <
10mmol/L. Scanning was performed from the skull base to the proximal femur using a General Electric
Discovery-690 (GE Healthcare, Waukesha, WI). PET images were reconstructed with a fully 3D time-of flight
iterative reconstruction method (VPFX) (OSEM algorithm, 24 subsets, 2 iterations). Images were converted to

SUV units by normalization using the patient’s body weight.

Measurement of imaging biomarkers

A pair of board-certified nuclear medicine physicians (RDS, ND) analyzed [18F]-FDG PET/CT scans.
Lesions were then segmented using the PET tumor segmentation tool in Philips IntelliSpace Portal 9.0. Readers
were blinded and had no knowledge of the patient’s history or pathological background, imaging features, or

clinical outcome.

Tumor tissues. The primary tumor and when applicable, regional lymph nodes were delineated on the

PET images as recommended by the EANM for solid tumors [36], using a SUVmax threshold of 41%, in a
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manually drawn volume, assisted by CT data for the anatomical location to extract tumor PET parameters. A
patient’s SUVmax was defined as the highest SUVmax among all lesions detected in the patient, including
primary and metastatic lymph nodes when applicable. TMTV was defined as the sum of the metabolic tumor

volume of all lesions (primary tumor and metastatic lymph node when applicable).

Nontumoral lymphoid tissues. Liver, spleen, and BM SUVmax values were computed with the same
methodology as that used in several published studies [18-20, 24] by drawing a spherical 3 cm-VOI in the
liver, a spherical 2 cm-VOI in the spleen, and four spherical 1.5 cm-VOI placed in the center of L1 to L4
(lumbar) vertebral bodies for BM. BM SUVmax was defined as the average of the maximum standardized
uptake values of all vertebral bodies. Spleen and BM uptakes were normalized by computing the spleen/liver
ratio (SLR) and BM/liver ratio (BLR) respectively: spleen SUVmax was divided by liver SUVmax (SLR) and
BM SUVmax was divided by the liver SUVmax (BLR).

Outcomes

The primary endpoint was recurrence-free survival (RFS), defined as the time from primary treatment
(NAC or surgery) to disease relapse or death from any cause or to the date of censoring at the last time the
patient was known to be alive. Secondary endpoint analyses were related to loco-regional and systemic control.
Loco-regional recurrence was defined as relapse in residual breast tissue or chest wall in the case of non-
conserving breast surgery, or in the ipsilateral lymph drainage area or axillary/infraclavicular/supraclavicular
area. Distant recurrence was defined as all other forms of relapse. We considered the following 5-year outcome
measures: recurrence-free survival (5y-RFS), loco-regional recurrence free survival (Sy-LRFS), and distant
recurrence-free survival (Sy-DRFS). The duration of follow-up was calculated from the date of the initial

[18F]-FDG PET/CT to the date of the last clinical consultation.

Statistical analysis

All patients were followed for at least 24 months or until death. Spearman’s rank correlation coefficients
(rho) were estimated to assess the relationships between PET parameters. Values of PET biomarkers between
patients with low or high stromal TILs were compared using the Mann- Whitney-Wilcoxon test. Factors
associated with stromal TILs were tested by logistic regression. Median follow-up was estimated using the
reverse Kaplan-Meier method [37]. We used predictiveness curves in order to determine relevant cut-off values
(considering a 5-year horizon) and to dichotomize biomarkers [38, 39]. Survival curves were estimated by the
Kaplan-Meier method (log-rank test). The prognostic impact of all factors measured at diagnosis was studied
with Cox proportional hazards models for survival with over time and linear dependency of the log-hazard

function on covariates. The prognostic model for 5y-RFS was build using backward variable selection. The



likelihood ratio test (LRT) for added prognostic value of TMTV and SLR was obtained by comparing log
likelihoods of multivariable prognostic models without TMTV or SLR and with TMTYV plus SLR (chi-square
test: ¥2). The cumulative incidence of loco-regional recurrence was estimated considering death and distant
recurrence as competing risks. Similarly, the cumulative incidence of distant recurrence was estimated
considering death and loco-regional recurrence as competing risks. The Fine-Gray regression model was used
to estimate the effect of baseline covariates on the competing risks end-point [40]. Gray’s test was used to
compare cumulative incidence across groups as defined by biomarker dichotomization (e.g., high vs low). All
reported p values are two-sided and p values less than 5% were considered to be significant. Analyses were

performed with the R software (version 4.0.2) [41].

Results
Patient characteristics

Table 1 summarizes the detailed clinicopathological characteristics and PET imaging parameters of the
303 patients. The median age was 50 years (range, 23—96) and more than one-half of patients had histologically
proven regional lymph node metastasis (54%). All patients underwent breast surgery either after neoadjuvant
therapy (51%) or before adjuvant chemotherapy (38%) alone or in combination with anti-HER?2 treatment
(4%). The majority of patients (96%) received external beam radiation therapy and about two-third received
adjuvant endocrine therapy (63%). On histopathological evaluation, 23% (n = 70) of tumors were classified as
luminal A, 30% (n = 90) as luminal B, 16% (n = 50) as HER2+, and 31% (n = 93) as triple-negative breast
cancer (TNBC). The median follow up was 6.2 years (95% CI 5.1-7.2 years). Fifty-six (18%) patients
developed tumor recurrence and 35 (12%) died during the follow-up period. The distribution of PET features is

described in supplemental Fig. 1.

Association with outcomes

Disease control. According to predictiveness curves, the cut-off values to predict Sy-RFS were as follows: high
tumor SUVmax when >8.6, high TMTV when >20 cm3, high SLR when >0.76, and high BLR when >0.76
(supplemental Fig. 2). When applying these cut-off values, 143 (47%), 66 (22%), 113 (37%), and 130 (43%)
patients had high tumor SUVmax, high TMTV, high SLR, and high BLR, respectively (Fig. 2).We investigated
the ability of PET biomarkers and classical clinicopathological factors to predict Sy-RFS. The 5-year
probability of disease control was 86% (95% CI 82—90%). The results of univariable and multivariable Cox
regression models are presented in Table 2. In univariable analysis, advanced tumor stage (T3 and T4), lymph
node involvement (N+), high TMTV, and high SLR were associated with a significantly higher 5-year risk of
recurrence (Fig. 3). In multivariable analysis, lymph node involvement (HR 4.2, 95% CI 1.7-10.3), high TMTV



(HR 2.4, 95% CI 1.3-4.5), and high SLR (HR 1.9, 95% CI 1.0-3.6) remained independent statistically
significant prognostic factors for 5 y- RFS. Finally, TMTV and SLR added significant prognostic values to the
multivariable model obtained with the backward elimination process for Sy-RFS (p = 0.03 and 0.04,
respectively; supplemental Table 1).

Loco-regional and systemic control. The 5-year probability of loco-regional and systemic control was 94%
(95% CI 91-97%) and 89% (95% CI 85-92%), respectively. Most distant recurrences occurred in the bones
(48%), extra-regional lymph nodes (41%), lungs (27%), liver (25%), and brain (14%). The number of
metastases at time of distant recurrence was <3 in 17%, between 4 and 10 in 20% and > 10 in 63% of patients.
Oligo-metastatic disease, defined as <5 lesions in <3 organs [42], was detected in 29% of patients with distant

recurrence.

In multivariable analysis for Sy-LRFS, lymph node involvement (HR 2.9, 95% CI 1.2-7.4) and high
TMTV (HR 3.0, 95% CI 1.5-6.2) were independent statistically significant prognostic factors for 5y-LRFS
(supplemental Table 2, supplemental Fig. 3). Models adapted to a competing risks environment for the
cumulative incidence of loco-regional recurrence (supplemental Table 3) highlighted the prognostic
significance of tumor SUVmax, TMTV, and SLR in univariable analysis but not BLR. However, none of these
markers remained independent prognostic factors in multivariable analysis. The presence of a high SLR failed
to reach the limit of statistical significance despite consequent hazard ratios and indicative confidence intervals
with Cox or Fine and Gray models. Furthermore, TMTV provides additional prognostic value to the
multivariable model obtained with backward elimination f o r Sy-LRFS (p <0 . 01, supplemental Table 1)
whereas SLR did not (p = 0.07). In multivariable analysis for 5y-DRFS, lymph node involvement and high SLR
were independent statistically significant prognostic factors for Sy-DRFS (supplement Table 4, supplemental
Fig. 4). The same directions of the effects were observed when conducting a competing risks analysis on the
distant recurrence endpoint (supplemental Table 5) with TMTV (SHR 2.6, 95% CI1 0.9-4.3) and SLR (SHR 2.8,
95% CI 1.3-5.0). Lastly, SLR added significant prognostic value to the multivariable model obtained with
backward elimination for 5Sy-DRFS (p < 0.01, supplemental Table 1), unlike TMTYV (p = 0.06).

Overall, tumor SUVmax values and BLR, as well as other clinical and pathological parameters, except
lymph node involvement, were not considered to be statistically independent prognostic factors for 5y-RFS, 5y-

LRFS, and 5y-DRFS.

Association between biomarkers

Relationships between PET biomarkers and continuous clinicopathological variables of interest (age,

Ki67, CA 15-3, and CEA), are presented in supplemental Fig. 5. No strong explanatory relationship emerged



from our analysis. However, we found several moderate but significant correlations between tumor SUVmax
and TMTYV (rho = 0.35), SLR and BLR (rho = 0.38), age and BLR (rho =—0.42, p < 0.05), and Ki67 and tumor
SUVmax (rho = 0.37, p < 0.05) (supplemental Fig. 6).

To evaluate the cross-talk between tumor and its immune microenvironment and lymphoid organs, we
determined whether there was any association between spleen or bone marrow metabolism and
histopathological findings, such as stromal TILs, intra-tumoral necrosis, histologic grade, and mitotic activity
index. SLR was significantly higher (p < 0.01) in patients with low stromal TILS compared to patients with
high stromal TILs (supplemental Table 6). This inverse association between SLR and stromal TILs remained
significant in the molecular subset analysis, but only in TNBC (p < 0.01) and luminal A (p = 0.03) patients
(supplemental Table 7, supplemental Fig. 7). In the logistic regression performed to provide a quantitative
value for the strength of this association after adjustment for other variables (to remove confounding effects),
high SLR remained the only independent factor for low stromal TILs (odds ratio [OR] 2.8, 95%CI 1.4-5.7)
(Fig. 4). Regarding other pathological features, as expected, tumor SUVmax was significantly associated with
histologic grade and showed a strong trend towards significance with mitotic activity index (supplemental Fig.

8f). No other relevant association was detected between necrosis and tumor SUVmax or SLR.

Discussion

We have shown that total metabolic tumor volume (TMTYV) and spleen-to-liver glucose uptake ratio (SLR) on
staging [18F]-FDG PET/CT are independent prognostic biomarkers for 5-year recurrence in a retrospective
cohort of 303 patients. These two biomarkers appear to reliably predict tumor recurrence as well as lymph node

involvement (N).

Our results are consistent with previously published data in various tumor types, suggesting that a new
milestone has been reached in this field [20, 23, 26, 31]. In the specific setting of breast cancer, Sahin et al.
demonstrated that FDG uptake in the spleen or bone marrow on pretreatment PET imaging was higher in breast
cancer patients than in patients without any cancer (control group) [22]. Interestingly, another important result
demonstrated by this study was the strong association between spleen glucose metabolism and the triple-
negative tumor subtype, which is consistent with our findings. Bang et al. showed that tumor size (T stage), ER
status, and spleen glucose metabolism on baseline [18F]-FDG PET/CT imaging were independent prognostic
factors for disease-free survival in 153 patients with breast cancer of NST undergoing upfront surgery followed
by adjuvant therapy [23]. Our work therefore supports the prognostic significance of spleen metabolism and

justifies external validation on an independent cohort of patients with breast cancer of NST.

Demonstration that lymphoid tissue glucose metabolism is an imaging biomarker correlated with RFS in
breast cancer is an interesting finding, consistent with data published in the literature. In a recent study, Lee et

al. explored the association between RFS or DRFS (systemic control) and PET biomarkers including bone
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marrow metabolism (BLR) in 345 patients with invasive ductal (89%) or lobular (11%) breast carcinoma
treated by upfront surgery prior to adjuvant therapy [24]. They confirmed that metabolic tumor volume and
noninvasive measurement of glucose metabolism on nontumoral lymphoid tissues can both be used to predict
recurrence, especially the onset of metastasis. These authors demonstrated that total lesion glycolysis (TLG)
and bone marrow-to-liver uptake ratio (BLR) were relevant biomarkers achieving the best performance to
predict RFS and DRFS status. However, as acknowledged by the authors, spleen uptake was not studied and its
prognostic value can therefore not be compared with bone marrow uptake. In our cohort, we did not find any
association between bone marrow metabolism and risk of recurrence. Interestingly, we observed a correlation
between bone marrow and splenic metabolism supporting the hypothesis of a pathophysiologic mechanism and
a common systemic inflammatory state. Consequently, we suggest that the predictive value of spleen glucose

metabolism may outperform that of bone marrow glucose metabolism.

Our results support the existence of cross-talk between tumor and its microenvironment and lymphoid
tissues. Our observations suggest that spleen glucose metabolism is higher in patients who experienced
recurrence compared to patients without recurrence, but also higher in patients with low stromal TILs compared
to patients with high stromal TILs. The clinical relevance of TILs in breast cancer has been clearly established,
since lymphocyte-predominant breast cancer is associated with favorable clinical outcome, particularly in
TNBC patients [43]. Furthermore, breast cancer progression is closely related to the tumor microenvironment
(TME), including tumor, immune, stromal, and bone marrow and/or spleen-derived inflammatory cells [44]. In
addition to TILs, MDSCs are also major cell components in the TME, the functioning of which blocks both
lymphocyte infiltration and T cell function by inducing the recruitment of regulatory T cells (Tregs). In patients
with poor prognosis, tumor conditions alter myelopoiesis, leading to MDSC expansion from lymphoid organs
(bone marrow and spleen), which then infiltrate the TME. There therefore appears to be a balance within the
complex TME between TILs, involved in the antitumor immune response, and tumor-infiltrating myeloid cells
that block tumor immunity [45]. Theoretically, high spleen glucose metabolism might be related to an
immunosuppressive TME with a lack of TILs and an abundance of suppressive immune cells such as MDSCs,
especially for TNBC. However, mechanisms causing the high spleen glucose metabolism could be multiple,
with, for example, cancer-related inflammation, which requires further analyses to explore the relationship
between SLR and established markers of cancer-related inflammatory, such as C-reactive protein, leukocytes,

and neutrophils in the peripheral blood [46].

The strengths of our study are the large sample size and the long follow-up. The main limitation
concerns the retrospective nature and single-center study. In order to study a representative real-life patient
population, we did not exclude patients with small tumors (T1, less than 20 mm: n = 86, 28%) and our findings
are consequently subject to a partial volume effect bias. Small tumors with low metabolic activity are usually
difficult to delineate due to the surrounding physiologic uptake. We also used an isocontour method with a

threshold of 41% as proposed in the EANMguidelines [36], but this approach could result in inaccurate tumor
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segmentation in small tumors [47]. Still, tumor segmentation results of such cases were visually acceptable,
highly reproducible between observers and therefore did not affect the metabolic assessment of non-tumoral
lymphoid tissues. Moreover, this relatively high number of small tumors is due to the fact that disease stage
using [18F]- FDG PET/CT was systematically considered for patients with T1 breast cancer associated with at
least one indicative of inherent cancer aggressiveness (clinically positive axillary lymph nodes, aggressive
phenotypes as well as TNBC or HER2, clinical symptoms or laboratory values suggesting the presence of
metastases), as mentioned in the recent ESMO guidelines [48]. In addition, cut-off values determined by
predictiveness curves for each imaging biomarker may have led to an over-estimation of the prognostic
performance which should be further validated in an independent external cohort. Finally, as patients were
included in the database over a 5-year period, it is possible that progress in surgical or radiation therapy

techniques and medical oncology may have resulted in improved patient outcomes.

This study opens up new prospects for the future. Firstly, tumor and lymphoid tissues assessed on
baseline [18F]-FDG PET/CT could help to identify patients at higher risk of recurrence, who would require
intensified initial therapy and/or close monitoring during follow-up. Secondly, we suggest the potential value of
spleen glucose metabolism to predict response to therapies targeting multiple immune compartments within the
TME [45]. As stromal TILs are positively associated with PD-L1 expression in TNBC patients [49], and as
both of these parameters are correlated with pathological complete response, spleen metabolism could be a

marker to identify a subset of patients who may benefit from immune checkpoint inhibitors [50].

The ability of these imaging biomarkers to predict recurrence in addition to gene expression-based
ormolecular-based assays needs to be determined. In terms of the cross-talk between the tumor and its TME
and lymphoid tissues, our data provide a deeper understanding of how TNBC patients with high spleen glucose
metabolism display low stromal TILs, suggesting insufficient immune responses. Future translational studies
should focus on the elucidation of the mechanisms involved. Further research is required to identify
cancerrelated inflammation and immunosuppressive phenotypes associated with treatment resistance and
unfavorable outcomes by the use of quantitative transcriptome analyses of tumors [18], lymphoid tissue

biopsies, and immuno-PET imaging [51].

Conclusions

In this large cohort of patients with non-metastatic breast cancer of NST, we demonstrated that total
metabolic tumor volume and spleen metabolism on staging [18F]-FDG PET/CT scans are strong predictors of
tumor recurrence. Furthermore, both of these markers may be useful for the stratification of high-risk
subpopulations of patients with non-metastatic breast cancer of NST in terms of recurrence. High spleen

glucose metabolism was associated with low stromal TILs in the TME, which could block antitumor immunity.
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Further prospective studies using quantitative transcriptome analyses are warranted to investigate this cross-talk

between the tumor and its TME and lymphoid tissue metabolism, especially in TNBC.
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Table 1: Patients’ characteristics (n=303).

All patients Luminal A Luminal B HER2+ TNBC
n=303 pts n=70 pts n=90 pts n=50 pts n=93 pts
Median [range], n (%)
CLINICOPATHOLOGICAL
CHARACTERISTICS
Demographic parameters
Age (years) 50 [23-96] 53 [35-91] 50 [23-96] 46 [25-82] 49 [24-86]
Post-menopausal status
TNM Stage (AJCC classification)
T1 86 (28) 25 (36) 24 (27) 14 (28) 25(27)
T2 144 (48) 33 (47) 47 (52) 22 (44) 43 (46)
T3 54 (18) 10 (14) 17 (19) 10 (20) 17 (18)
T4 11 (4) 2(3) 2(2) 2(4) 5(5)
N+ 164 (54) 40 (57) 54 (60) 27 (54) 43 (46)
Histologic parameters
Vascular invasion 42 (14) 12 (17) 11 (12) 4(8) 15 (16)
Necrosis 75 (25) 10 (14) 16 (18) 12 (24) 37 (40)
Low stromal TILs (< 50%) 213 (70) 61 (87) 68 (76) 36 (72) 58 (62)
Histologic grade
-1 136 (45) 66 (94) 35(39) 23 (406) 12 (13)
I 167 (55) 4 (6) 55(61) 27 (54) 81 (87)
Ki67 38 [1-95] 15 [1-20] 35 [20-95] 35 [5-85] 60 [20-90]
High mitotic index (> 13 mitosis/2 mm?) 123 (41) 0(0) 34 (38) 19 (38) 63 (68)
Tumor markers (ng/mlL)
Cancer Antigen 15-3 (CA 15-3) > 30 U/mL 60 (20) 13 (19) 19 (21) 10 (20) 18 (19)
CarcinoEmbryonic Antigen (CEA) > 5 pg/L 20 (7) 8(11) 44 6 (12) 2(2)
PET IMAGING CHARACTERISTICS
Tumor glucose uptake
Tumor SUVmax 8.1[1.0-43.0] 5.6 [1.4-20.9] 7.9 [1.0-43.0] 7.8 [2.7-18.4] 10.4 [1.7-24.6]
Metabolic tumor burden (cm?)
Total Metabolic Tumor Volume (TMTV) 6.2 [0.4-351.0] 4.210.4-51.7] 8.0 [0.4-351.0] 5.2[1.0-116.5] 6.2 [0.7-308.5]

Lymphoid tissue metabolism
Spleen to liver SUVmax ratio (SLR)
Bone marrow to liver SUVmax ratio (BLR)
TREATMENT

0.75 [0.51-1.07]
0.76 [0.39-1.18]

0.75 [0.51-1.07]
0.78 [0.39-1.15]

0.75 [0.59-1.02]
0.75 [0.55-1.06]

0.73 [0.52-0.91]
0.76 [0.44-1.03]

0.75 [0.57-0.99]
0.76 [0.51-1.18]

Surgery 303 (100) 70 (100) 90 (100) 50 (100) 93 (100)
Neo-adjuvant therapy
Chemotherapy 151 (50) 17 (24) 48 (53) 29 (58) 57 (61)
Anti-HER2 31 (10) 0(0) 0(0) 29 (58) 0(0)
Endocrine therapy 52) 34) 2(2) 0(0) 0 (0)
Adjuvant therapy
Chemotherapy 116 (38) 31 (44) 35(39) 20 (40) 37 (40)
Anti-HER2 13 (4) 0(0) 0(0) 20 (40) 0 (0)
Endocrine therapy 192 (63) 67 (96) 90 (100) 31(62) 0 (0)
Radiotherapy 292 (96) 63 (90 89 (99) 50 (100) 90 (97)
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Table 2: Prognostic significance of biomarkers for 5-year recurrence-free survival in univariable and

multivariable analyses.

5-YEAR RECURRENCE-FREE SURVIVAL

n=303 pts Univariable Multivariable
Events =44 HR (95% CI) pvalue HR (95% CI) p value
Age <40 years (vs > 40) 0.9 (0.4-1.9) 0.72 - -
Post-menopausal (vs pre-menopausal) 1.3 (0.7-2.5) 0.34 - -

T stage III-1V (vs I-1I) 2.9 (1.6-5.3) <0.01 - -

N+ (vs N-)
Molecular sub-types
Luminal A
Luminal B
HER2
TNBC

Vascular invasion (yes vs no)
Histologic grade 3 (vs 1-2)
Low stromal TILs (vs high)
Tumor SUVmax > 8.6 (< 8.6)
TMTYV > 20 cm? (vs <20 cm?)
SLR > 0.76 (< 0.76)

BLR > 0.78 (< 0.78)

5.9 (2.5-14.1)

1.0 (Reference)

1.7 (0.7-2.2)
1.1 (0.4-3.0)
2.0 (0.8-5.0)
1.2 (0.5-2.7)
2.1 (0.8-5.5)
1.4 (0.7-2.7)
2.2 (0.8-4.8)
4.8 (2.6-8.8)
2.8 (1.5-5.2)
1.3 (0.7-2.4)

<0.01 4.2 (1.7-10.3) <0.01

0.57 - -
0.79 - -
0.13 - -
0.63 - -
0.13 - -
0.17 - -
0.10 - -
<0.01 2.4 (1.3-4.5) <0.01
<0.01 1.9 (1.0-3.6) 0.04
0.32 - -

Abbreviations: hazard ratio (HR), confidence interval (CI), tumor (T), node involvement (N), tumor-infiltrating
lymphocytes (TILs), maximum standardized uptake value (SUVmax), total metabolic tumor volume (TMTV), spleen-to-
liver ratio (SLR), bone marrow-to-liver ratio (BLR).
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Figure 1: Flow chart.
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Figure 2: Summary of key results of each analysis (association between TMTYV or SLR on ['¥F]-FDG
PET and prognosis or stromal TILs on tumor biopsy samples).
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Figure 3: KM curves of RFS according to the Total Metabolic Tumor Volume (high TMTYV versus low
TMTYV) (A) and Spleen-to-Liver Ratio (high SLR versus low SLR) (B).
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Figure 4: Logistic regression analysis of biomarkers for Low stromal TILs.

Variable Odds ratio p
Age < 40 years (vs > or = 40) '—.—' 0.89 (0.42, 1.90) 0.765
Post-menopausal (vs pre-menopausal) -—.—' 1.07 (0.57,2.00) 0.833
T stage (llI-IV vs I-1I) —— 0.82 (0.41, 1.64) 0.581
Lymph node involvement (N+ vs N-) '-l“ 0.70 (0.42,1.17) 0.172
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