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Background Tumor microenvironment of metastasis (TMEM), consisting of direct contact between a macrophage, an endothe-
lial cell, and a tumor cell, has been associated with metastasis in both rodent mammary tumors and human
breast cancer. We prospectively examined the association betweenTMEM score and risk of distant metastasis and

compared risk associated with TMEM score with that associated with IHC4.

Methods We conducted a case—control study nested within a cohort of 3760 patients with invasive ductal breast carcinoma
diagnosed between 1980 and 2000 and followed through 2010. Case patients were women who developed a sub-
sequent distant metastasis; control subjects were matched (1:1) on age at and calendar year of primary diagnosis.
TMEM was assessed by triple immunostain and IHC4 by standard methods; slides were read by pathologists
blinded to outcome. Odds ratios (ORs) and 95% confidence intervals (Cls) were estimated using logistic regres-
sion, adjusted for clinical variables. A Receiver Operating Characteristic analysis was performed, and the area

under the curve was estimated. All statistical tests were two-sided.

Results TMEM score was associated with increased risk of distant metastasis in estrogen receptor (ER)*/human epidermal
growth factor receptor (HER2)- tumors (multivariable OR g, vs iow terite = 2.70; 95% Cl = 1.39 to 5.26; Pyq,q = .004),
whereas IHC4 score had a borderline positive association (ORg ynitincrease = 1-06; 95% Cl = 1.00 to 1.13); the associa-
tion forTMEM score persisted after adjustment for IHC4 score. The area under the curve for TMEM, adjusted for
clinical variables, was 0.78. NeitherTMEM score nor IHC4 score was independently associated with metastatic risk

overall or in the triple negative or HER2* subgroups.

Conclusions TMEM score predicted risk of distant metastasis in ER*/HER2- breast cancer independently of IHC4 score and clas-

sical clinicopathologic features.
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Distant metastasis is the primary cause from death in breast can-
cer, a heterogeneous disease with variable natural history and pro-
pensity to metastasize (1,2). Several gene expression assays (eg,
Oncotype DX, MammaPrint) provide more accurate prognostic
and predictive information than classical clinicopathologic features
(3). Although these signatures differ with respect to the genes that
they include, they provide similar prognostic information that is
driven largely by proliferation- and estrogen-regulated genes and
not the intrinsic propensity of a tumor to metastasize or interact
with its microenvironment (4,5).

A major mechanism for carcinoma cell dissemination from
the primary tumor to distant organs is hematogenous spread (6).
Multiphoton-based intravital imaging has demonstrated that inva-
sive carcinoma cells in mouse and rat mammary tumors comigrate
and intravasate when associated with perivascular macrophages (7—
11). Specifically, intravasation occurs at sites where a macrophage,
a tumor cell, and an endothelial cell are in direct contact (10,12).
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The tumor cell that comigrates and interacts with macrophages
at intravasation sites is characterized by the high expression of
multiple proinvasion isoforms of Mena, in particular Mena*ic,
Mena™V, and Mena* (7,8,11,13).We have identified this intravasa-
tion microenvironment in human breast cancer samples using a tri-
ple immunostain for paraffin-embedded tissue that simultaneously
labels macrophages, endothelial cells, and invasive macrophage-
associated carcinoma cells. The macrophage-associated carcinoma
cells are recognized by high expression of proinvasion isoforms of
Mena using a pan-Mena antibody that stains all isoforms of Mena
(13-16). Because all isoforms of Mena are obligate tetramers com-
prised of the different Mena isoforms expressed in the cell and
these tetramers function together (17), the pan-Mena antibody is
currently the best marker to identify macrophage-associated inva-
sive tumor cells.

We call the structure composed of these three cell types (perivas-
cular macrophages, endothelial cells, invasive Mena-overexpressing
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tumor cells) in direct contact with each other “TMEM,” which
stands for tumor microenvironment of metastasis. In a previous
proof-of-principle case—control study, we observed a positive asso-
ciation between TMEM score (the total number of TMEMs in 10
high-power fields) and risk of distant metastasis (18). However,
that study was very small (n = 30 case—control pairs), and therefore
the estimates of risk were imprecise. Furthermore, inclusion in the
study was restricted to subjects with moderately or poorly differen-
tiated tumors with a minimum of 5 years of follow-up time, thereby
limiting the generalizability of the findings.

We now report the results of a comprehensive evaluation of the
association between TMEM score in primary breast cancer tis-
sue and risk of distant metastasis, conducted in a study population
that included the full spectrum of breast cancer case patients with
respect to both tumor grade and follow-up time. This included
comparison of the risk associated with TMEM score with that
associated with IHC4, a previously validated composite immuno-
histochemical score based on the estrogen receptor (ER), proges-
terone receptor (PR), human epidermal growth factor receptor 2
(HER?2), and Ki67 expression that has been shown to provide prog-
nostic information comparable with that provided by the Oncotype
DX Recurrence Score gene expression assay (19,20).

Methods

Patients and Follow-up

The study was undertaken within the cohort of 3983 women in the
Kaiser Permanente Northwest (KPNW) health-care system who
received a first diagnosis of invasive ductal carcinoma of the breast
between January 1, 1980, and December 31, 2000, were aged 21 years
or older at initial diagnosis, were treated surgically, and did not have
evidence of metastasis at initial diagnosis. Breast cancer case patients
were ascertained through the KPNW Tumor Registry, which has oper-
ated continuously since 1960 and is approved by the Commission on
Cancer of the American College of Surgeons (21). The KPNW Tumor
Registry has maintained a follow-up rate of 98% for patients enrolled
since 1960, even those who are no longer health-plan members.

The breast cancer subjects were followed from the date of ini-
tial diagnosis until the date of distant metastasis; termination of
plan membership; death; or termination of follow-up of the cohort
(December 31, 2010), whichever came first. Of the 3983 case
patients in the cohort, 3760 were ultimately included, of whom 530
developed a distant metastasis during follow-up (Figure 1).

The study described here was approved under a waiver of writ-
ten informed consent by the institutional review boards of all par-
ticipating institutions.

Study Design

We conducted a case—control study nested within the breast cancer
cohort. Case patients were women who developed a distant metas-
tasis, whereas control subjects were women who were alive and had
not developed a distant metastasis by the date of metastasis of the
corresponding case. Control subjects were individually matched to
case patients (1:1) on age at and calendar year of the diagnosis of
invasive breast cancer (matching on both variables was generally
within + 1 year) and were selected randomly from risk sets, with
replacement. Potential control subjects considered to be unsuitable
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Article | JNCI

(eg, inadequate tumor tissue) were replaced by another control ran-
domly selected from the same risk set.

Our predetermined target sample size was 250 case—control
pairs, sufficient for detection of an odds ratio (OR) of 1.5 per
50-unit increase in TMEM score in the entire cohort with 80%
power and a two-sided type I error rate of 5%.

Clinical Data
Information on tumor characteristics, treatment, and outcome was

obtained from the KPNW tumor registry.

Tissue Acquisition

Hematoxylin and eosin (H&E) stained sections from case patients
selected for the study were reviewed to identify an appropriate for-
malin-fixed paraffin-embedded tissue block. Blocks were required to
contain viable invasive tumor that was representative of the tumor’s
growth pattern, nuclear grade, and mitotic activity. If a prior biopsy
had been performed, the chosen block was required to be distant
from the biopsy site so that biopsy site changes did not obscure the
native perivascular macrophage population. Blocks received from
the KPNW cohort had an H&E slide prepared at Weill Cornell
for confirmation of their appropriateness for inclusion. The tumors
were reviewed histologically and graded using the modified Bloom—
Richardson criteria (22,23). All tumors were handled in the TMEM
laboratory without knowledge of patient data, treatment, or outcome.

Tissue Staining and Assessment

The TMEM stain was a triple immunostain in which three anti-
bodies were applied sequentially and developed separately with dif-
ferent chromogens on a Bond Max Autostainer. The sequence was
anti-CD31 (clone JC70A; 1:800 dilution; DAKO, Carpinteria, CA)
with Bond Epitope Retrieval Solution 2 and Vector Blue chromo-
gen (for endothelial cells); anti CD-68 (clone PG-M1; 1:300 dilu-
tion; DAKO) with antigen retrieval using Bond Epitope Retrieval
Solution 1 and DAB chromogen (for macrophages); and anti-pan-
Mena (1:200 dilution; Gertler laboratory, Cambridge, MA) with
Fast Red chromogen (for carcinoma cells). The counterstain was
Light Green. The anti-Mena mouse monoclonal (A351F7D9)
antibody reacts with an epitope unique to Mena that is contained
in all known Mena isoforms, including Mena™V and Menalla, and
is 100% conserved between mouse and human (24).

Staining for ER, PR, and HER2/neu was performed and inter-
preted as per standard surgical pathology practice in accordance
with American Society of Clinical Oncology/College of American
Pathologists (ASCO-CAP) guidelines (25,26); Ki67 staining was per-
formed as described elsewhere (27). ER/PR positivity was defined as
1% of cells or more staining positive (25), and HER2 positivity was
defined as a score of three or greater. Further details regarding tis-
sue staining and scoring are provided in the Supplementary Methods
(available online), and examples of fields showing TMEM are shown
in Supplementary Figure 1 (available online). All readings (TMEM/
receptors/Ki67) were performed blinded to case—control status (28).

TMEM Score

The analyses focused on the relationship between TMEM score
and risk of distant metastasis. For the purpose of estimating the
TMEM score, each occurrence of a structure consisting of the
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direct contact between an invasive pan-Mena-expressing carci-
noma cell, an endothelial cell, and a perivascular macrophage, with
no discernible stroma between the tumor cell and the perivas-
cular macrophage, constituted one TMEM. Each additional
TMEM identified added one to the TMEM score. The final
TMEM score was the total number of TMEMs observed within
the 10 high-power fields examined (see TMEM assessment in the
Supplementary Methods, available online).

Statistical Analysis

Only the biostatistician at Mount Sinai Hospital (H.-M. Lin) had
access to the complete dataset containing both laboratory and clin-
ical data, including outcome status (ie, distant metastasis or not);
she performed the analysis with input from the other investigators
(who were blinded to outcome).

Both univariate and multivariable conditional logistic regres-
sion models were used to estimate odds ratios and 95% confi-
dence intervals (Cls) for the association between TMEM score
and risk of distant metastasis (treated as a binary outcome) for
all subjects combined. Clinical/tumor characteristics (ie, tumor
size, tumor grade, number of positive lymph nodes, and hor-
mone treatment) were adjusted for in the multivariable model.
TMEM score was treated both as a continuous variable and as
a categorical variable, with categorization by tertiles (based on
the distribution of TMEM score among the control subjects in
the entire study population). To determine the appropriateness
of modeling TMEM score as a linear term, a plot of the residuals
against TMEM score was used to examine whether there was any
evidence of departure from linearity. As prespecified, the analysis
was repeated for each of the following breast cancer subgroups:
ER*/HER2-, HER2*, and triple-negative (ER-, PR-, HER2"). For
these latter analyses, the matching was broken, and odds ratios
were obtained using unconditional logistic regression, with
additional adjustment for the matching variables. As a sensitiv-
ity analysis, we also used conditional logistic regression on the
entire dataset, with interaction terms between TMEM score and
subgroup indicator to allow the association with TMEM score to
differ by subgroups.

To compare risk associated with TMEM score with that
associated with the IHC4 score, we conducted analyses accord-
ing to the following steps: 1) using the coefficients reported by
Cuzick et al. (19) for the components of IHC4 (Supplementary
Methods, available online), a multivariable regression model
was fitted for IHC4 score and the clinical risk factors. The
IHC#4 variable was treated both continuously and categorically
(tertiles), as with the TMEM score; 2) a multivariable regres-
sion model that included both THC4 score [based on the coef-
ficients reported by Cuzick et al. (19)] and TMEM score plus
the clinical risk factors was used to examine whether the prog-
nostic value of the TMEM score/IHC4 score was affected by
the other; 3) to further examine the prognostic value of the
TMEM score in addition to the four markers used in the IHC4
score (ER, PR, HER2, Ki67) and the clinical risk factors, a mul-
tivariable regression model was used with TMEM score, the
four markers (as individual variables), and the clinical risk fac-
tors—this allowed the four markers to have different weights
from those derived for the IHC4 score by Cuzick et al. (19)
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because our study population differed from that of Cuzick et al.
(19) and this difference may have affected the performance of
their IHC4 score in our population.

To further examine the prognostic value of TMEM score, we
performed a receiver operating characteristic (ROC) analysis and
computed the area under the curve (AUC) (29). Separate ROC
analyses were conducted based on TMEM score alone and on
TMEM score in combination with clinical variables (tumor size,
number of positive lymph nodes, tumor grade, and hormone
therapy) through the use of a TMEM composite score, defined
as a linear equation of all the variables in the model with the
estimated coefficients from the logistic regression model as their
coefficients. The AUCs for these two nested models—namely,
the model with the TMEM composite score and the model with
TMEM score only—were compared using a likelihood ratio test,
as recommended by Seshan et al. (30). To examine the possibil-
ity of overoptimism in our best estimate of the AUC, we per-
formed an n - 1 cross-validation. Specifically, the cross-validated
predicted probability for an observation was calculated by fitting
the model ignoring that observation and then using the result-
ing model to compute the predicted probability for the ignored
observation (31,32). An ROC curve was then generated based on
the cross-validated predicted probabilities. This ROC curve and
its AUC were compared with the ROC/AUC generated using all
of the data. A ROC analysis was also performed for IHC4 score,
which allowed us to compare the prognostic value of TMEM
score with that of IHC4 score.

All analyses were conducted using SAS (SAS 9.3; SAS Institute,
Cary, NC). All P values are two-sided, and P values less than .05
were considered to be statistically significant. The study was con-
ducted and the results reported in accordance with the REMARK
guidelines (Supplementary Table 1, available online) (33).

Results

Patient Population

Figure 1 shows the number of subjects excluded for vari-
ous reasons. Of the 573 breast cancer tissue blocks received
(which, because of the sampling with replacement, represented
310 case—control pairs), 481 (83.9%), representing 259 case—
control pairs, were usable and were included in the study.
Comparison of the corresponding tumor characteristics of the
481 included blocks and the 92 excluded blocks showed no dif-
ferences between them with respect to their distributions by
tumor size, number of positive lymph nodes, and treatment
by chemotherapy, hormone therapy, and radiation therapy.
However, a greater proportion of the excluded blocks were
from the earlier part (before 1990) of the ascertainment period
(excluded vs included: 59.8% vs 42.6%). For the included case
patients, the median time to distant metastasis was 3 years and
1 month (5th percentile: 8 months; 95th percentile: 11 years
and 2 months).

Baseline characteristics of the study subjects are presented
in Table 1. Case patients and control subjects had very simi-
lar distributions with respect to age and calendar year of diag-
nosis, reflecting the case-control matching on these variables
(mean case—control difference in age [years] = -0.02, standard
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Figure 1. Flow chart showing included and excluded study subjects and tissue blocks.

deviation [SD] = 0.78; mean case—control difference in diagnosis
year = -0.01, SD = 0.85). Tumor size, tumor grade, lymphovascu-
lar invasion, number of positive lymph nodes, Ki67, and hormone
therapy showed positive associations with risk of distant metas-
tasis on univariate analysis, whereas those who were positive for
ER or PR or who received chemotherapy had reduced risk of dis-
tant metastasis. On multivariable modeling of these variables with
TMEM score in the model, only tumor size (P < .05), nodal sta-
tus (P < .05), tumor grade (P < .05), and treatment with hormone
therapy (.05 < P < .10) were associated with risk of metastasis at
P less than .10, and these variables were retained in subsequent
multivariable models.
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Relationship Between TMEM Score and

Clinicopathologic Features

As indicated in Figure 2, there was no association between TMEM
score and tumor size or number of positive lymph nodes, but
TMEM score was higher in poorly differentiated tumors than in
well-differentiated ones.

TMEM Score and Risk of Metastasis

The median TMEM score in the case patients was higher than
that in the control subjects: 19 (interquartile range [IQR] = 6-45)
vs 14 (IQR = 3-32) (Supplementary Table 2, available online).
Table 2 shows the association between TMEM score and risk of
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Table 1. Baseline characteristics of the study population

Variable No. of case subjects (%)

Odds ratio (95% confidence

No. of control subjects (%) interval)*

Age, y, at diagnosis

21-39 9(11.2)

40-59 107 (41.3)

60-79 09 (42.1)

80-99 4 (5.4)
Calendar year of diagnosis

1980-1984 66 (25.5)

1985-1989 85 (32.8)

1990-1994 56 (21.6)

1995-2000 52 (20.1)
Tumor size, cm

0-<2 103 (39.8)

2-3 75(29.0)

>3 4 (20.9)

Missing 7 (10.4)
Bloom-Richardson grade

Well differentiated 17 (6.6)

Moderately differentiated 102 (39.4)

Poorly differentiated 140 (54.1)
Lymphovascular invasion

Absent 212 (81.9)

Present 47 (18.2)
No. of positive lymph nodes

0 96 (37.1)

1-3 67 (25.9)

>4 75 (29.0)

Missing 21 (8.1)
Estrogen receptor

Negative 92 (35.5)

Positive 166 (64.1)

Unknown 1(0.4)
Progesterone receptor

Negative 110 (42.4)

Positive 149 (57.5)
HER2/neu receptor

Negative 212 (81.9)

Positive, >3 47 (18.1)
Ki-67, % cells positive

<5 56 (21.6)

6-15 83 (32.1)

>16 120 (46.3)
Chemotherapy

No 133 (561.4)

Yes 126 (48.7)
Hormonal therapy

No 170 (65.6)

Yes 89 (34.4)
Radiation

No 152 (568.7)

Yes 107 (41.3)

27 (10.4) —
108 (41.7) _
107 (41.3) —

17 (6.6) —

66 (25.5) —

88 (34.0) —

50 (19.3) —

55 (21.2) —

166 (64.1) 1.00 (referent)

43 (16.6) 3.02 (1.85 to 4.94)

24 (9.3) 4.25 (2.30 to 7.84)

26 (10.0) 2.08 (1.07 to 4.02)

49 (18.9) 1.00 (referent)

116 (44.8) 4.00 (1.85 to 8.68)

94 (36.3) 707 (3.17 t0 15.77)
231 (89.2) 1.00 (referent)

28 (10.8) 1.79 (1.09 to 2.95)
159 (61.4) 1.00 (referent)

5 (25.1) 1.83 (1.14 t0 2.92)
0(77) 5.90 (3.28 to 10.59)
5(5.8) 2.55(1.19 to 5.43)

69 (26.6) 1.00 (referent)

189 (73.0) 0.63 (0.43 t0 0.93)
1(0.4)

79 (30.5) 1.00 (referent)
180 (69.5) 0.59 (0.40 to 0.85)
228 (88.0) 1.00 (referent)

31 (12.0) 1.62 (0.99 to 2.63)

92 (35.5) 1.00 (referent)

86 (33.2) 1.85 (1.10 t0 3.12)

81 (31.3) 2.89 (1.75t0 4.77)
162 (62.6) 1.00 (referent)

97 (37.5) 0.63 (0.45 to 0.90)
141 (54.4) 1.00 (referent)
118 (45.6) 1.60 (1.12 to0 2.28)
151 (58.3) 1.00 (referent)
108 (41.7) 1.02 (0.72 to 1.44)

* Univariate odds ratios obtained using conditional logistic regression models.

distant metastasis. For the total study population, risk of metasta-
sis increased with increasing TMEM score but was not statistically
significant after adjustment for clinical variables. No violation
of the linearity assumption for TMEM score was evident in the
residual plot. When examined within predefined subgroups,
TMEM score was not associated with metastatic risk in triple-
negative and HER2* disease but was statistically significantly
associated with increased risk of metastasis in ER*/HER2- disease
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(OR vigh vs 1w teriile = 2:70, 95% CI = 1.39 to 5.26, P4 = .004; OR
per 10-unit increase in TMEM = 1.16, 95% CI = 1.03 to 1.30)
(Table 2). Conditional logistic regression models with interaction
terms yielded similar results (data not shown).

IHC4 and Risk of Metastasis
In the ER/HER2- subgroup, the median IHC#4 score in the
case subjects was higher than that in the control subjects (72.8,
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(=] o og ©
aem @B BAYe o °,° o ° .

29% 23% 47%
g &
3 oo QNEEMEETS? Fooo o g o
E 2% 19% 59%
[-3 =}
ouen  RRAENEE 3 F o8 T8 o
2% 7% 3%
0 50 100 150
TMEM Score
oTl oT2 o T3
B TMEM Score Distribution By Tumor Grade
Q
ooy | QEMBBPTL TRs. £00 0.
25% 22% 53%
@
= o ° °
‘.’: moderately moo%% %oogb " g o ”
£ 29% 7% 34%
=
wi | PEBERZ% o , ° o
50% 36% 14%
0 50 100 150
TMEM Score
oM oM 013
C TMEM Score Distribution By Number of Lymph Nodes
4+ ¢ %009 8 o e
2% 33% 45%
-g 3 B oPBY @ «Po ® © °
z 13% 33% 53%
-
[
£ 2 Meameve®, 8° o®
% U% % 49%
H
E 1 MBBWEe - o B o O o
] 4% 25% 41%
0 (RGEPERRR o, cvo °80 B o i 0
3¥% 31% 36%
0 50 100 180
TMEM Score

oTMoT2 o1
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Table 2. Association between tumor microenvironment of metastasis (TMEM) score and risk of distant metastasis, overall and by tumor

subtype
Odds ratio (95% confidence interval)t
Tumor type TMEM category Case subjects, No.* Control subjects, No. Univariate Multivariable
All subjects <6 66 89 1.00 (referent) 1.00 (referent)
7-22 71 85 1.14 (0.74 to 1.76) 1.13 (0.67 to 1.90)
>23 122 85 1.93 (1.26 to0 2.97) 1.49 (0.86 to 2.56)
Prrend .002 14
Continuous, per 10 units 1.07 (1.01 to 1.13) 1.02 (0.95 to 1.10)
Triple-negative® <6 20 16 1.00 (referent) 1.00 (referent)
7-22 14 8 1.40 (0.46 to 4.25) 1.61 (0.46 to 5.59)
>23 22 18 0.98 (0.38 to 2.51) 0.73 (0.24 t0 2.22)
‘Dtrend .95 .58
Continuous, per 10 units 0.93 (0.80 to 1.07) 0.88 (0.75 to 1.03)
ER*/HER2- <6 30 55 1.00 (referent) 1.00 (referent)
7-22 41 53 1.42 (0.78 to 2.59) 1.32 (0.70 to 2.52)
>23 76 40 3.48 (1.95 to0 6.22) 2.70 (1.39 t0 5.26)
Pirend <.001 .004
Continuous, per 10 units 1.19 (1.07 to0 1.32) 1.16 (1.03 to 1.30)
HER2+ <6 14 5 1.00 (referent) 1.00 (referent)
7-22 13 10 0.46 (0.13 to 1.69) 0.68 (0.16 to 2.99)
>23 20 13 0.55 (0.16 to 1.94) 0.76 (0.17 to 3.34)
Prona 41 75

Continuous, per 10 units

0.90 (0.76 to 1.05)

0.88 (0.73 to 1.06)

The numbers of case subjects and control subjects shown in the triple-negative, estrogen receptor (ER)*/human epidermal growth factor receptor (HER2)-,
and HER2* subgroups are the number of unique individuals in the various categories, reflecting the fact that analyses in these subgroups were conducted
using unconditional logistic regression. The 518 records in the study derive from 481 unique study subjects (because of matching with replacement),
including 222 unique control subjects; of the 259 control subjects, 189 of them served as control subjects once, 29 served as control subjects twice, and 4
served as control subjects three times (189 + 58 + 12 = 259). Two subjects had no ER data and therefore cannot be classified with respect to triple-negative
or ER*/HER2- status, and 11 subjects did not fall into one of these three subgroups. The 104 observations in the dataset that were classified as triple-
negative derived from 98 unique subjects; the 321 ER*/HER2- observations in the dataset derived from 295 unique subjects; and the 78 HER2* observations

in the dataset derived from 75 unique subjects.

T Results for all subjects combined were obtained using conditional logistic regression models, and results for breast cancer subtypes were obtained using
unconditional logistic regression models. All multivariable analyses were adjusted for lymph node status, tumor size, tumor grade, and hormone therapy,
categorized as shown in Table 1; subgroup analyses were additionally adjusted for age at diagnosis of breast cancer and duration of follow-up, with both fitted as
continuous variables. For the analyses using the entire dataset, missing indicators were created for variables with missing values; for subset analyses, because the
missing categories were not statistically different from the original reference groups, the missing categories were combined with the original reference group to

form a new reference group. All statistical tests were two-sided.

+ Triple-negative breast cancer is breast cancer that is ER-, progesterone receptor (PR)-, and HER2-.

IQR =9.4-125.5 vs 22.9,IQR = -18.7 to 114.0 (Supplementary
Table 3, available online). Within this subgroup, the upper
two tertile levels of the IHC4 score were both associated with
statistically non-significant 60% increases in risk (Table 3).
However, when THC4 score was examined as a continuous
variable, there was a 6% increase in risk per 10-unit increase
in the score, which was of borderline statistical significance
(OR = 1.06; 95% CI = 1.00 to 1.13). When evaluated overall
and in the triple-negative and HER2* subgroups, the change
in risk per 10-unit increase in the IHC4 score did not differ
statistically significantly from unity (in the triple-negative and
HER2* subgroups, risk was not estimable by tertiles given the
distribution of subjects by IHC4 score).

TMEM, IHC4, and Risk of Metastasis

TMEM score was only weakly correlated with THC4 score
(Spearman correlations = 0.09 in the entire study population,
0.12 in the ER*/HER2- subgroup). For ER*/HER?2- disease, when
TMEM score and IHC4 score were modeled simultaneously,

jnci.oxfordjournals.org

together with clinical variables, the positive association of TMEM
score with risk of distant metastasis persisted, whereas for IHC4
score there was a weak, positive association of borderline statistical
significance, but only when IHC4 was analyzed as a continuous
variable (6% increase in risk per 10-unit increase in IHC4 score)
(Table 4). The positive association of TMEM score with risk was
also evident and of similar magnitude when we fitted a multi-
variable regression model with TMEM score, the four markers
included in the IHC4 score, and the clinical risk factors: the odds
ratio for the highest vs the lowest tertile level of TMEM score
was 2.67 (95% CI = 1.36 to 5.26) and the odds ratio per 10-unit
increase in TMEM score was 1.16 (95% CI = 1.03 to 1.30).

TMEM Composite Score

A 'TMEM composite score was derived for the ER*/HER2- breast
cancer subgroup by fitting a multivariable logistic regression model
with TMEM score and the clinical variables. This yielded a linear
equation with the estimated coefficients from the multivariable
logistic regression as weights. Specifically,
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Table 3. Association between IHC4 score and risk of distant metastasis, overall, and by tumor subtype

Odds ratio (95% confidence interval)t

Tumor type IHC4 category Case subjects, No.* Control subjects, No. Univariate Multivariable
All subjects <-781 49 86 1.00 (referent) 1.00 (referent)
>-7.81 t0 88.32 96 87 2.05 (1.27 t0 3.32) 1.50 (0.84 to0 2.67)
>88.32 113 85 2.53 (1.565 t0 4.11) 1.05 (0.55 to 2.01)
Prend <.001 .93
Continuous, per 10 units 1.06 (1.03 to 1.09) 1.01 (0.97 to 1.05)
Triple-negativet Continuous, per 10 units 0.91 (0.74 t0 1.12) 0.90 (0.66 to 1.22)
ER+*/HER2- <-781 49 71 1.00 (referent) 1.00 (referent)
>-7.81 10 88.32 84 69 1.76 (1.10 to 2.84) 1.62 (0.94 to 2.81)
>88.32 14 8 2.54 (0.97 to0 6.62) 1.61 (0.48 to 5.47)
Pirend .01 12
Continuous, per 10 units 1.09 (1.03 to 1.15) 1.06 (1.00 to 1.13)
HER2+ Continuous, per 10 units 1.06 (0.94 to 1.20) 1.07 (0.92 to 1.24)

* The numbers of case subjects and control subjects shown in the triple-negative, estrogen receptor (ER)*/human epidermal growth factor receptor (HER2)-, and
HER2+ subgroups are the number of unique individuals in the various categories, reflecting the fact that analyses in these subgroups were conducted using
unconditional logistic regression. The 518 records in the study derive from 481 unigue study subjects (because of matching with replacement), including 222 unique
control subjects; of the 259 control subjects, 189 of them served as control subjects once, 29 served as control subjects twice, and 4 served as control subjects
three times (189 + 58 + 12 = 259). Two subjects had no ER data and therefore cannot be classified with respect to triple-negative or ER*/HER2- status, and 11
subjects did not fall into one of these three subgroups. The 104 observations in the dataset that were classified as triple-negative derived from 98 unique subjects;
the 321 ER*/HER2- observations in the dataset derived from 295 unique subjects; and the 78 HER2* observations in the dataset derived from 75 unique subjects.

T Results for all subjects combined were obtained using conditional logistic regression models and results for breast cancer subtypes were obtained using
unconditional logistic regression models. All multivariable analyses were adjusted for lymph node status, tumor size, tumor grade, and hormone therapy
categorized as shown in Table 1; subgroup analyses additionally adjusted for age at diagnosis and duration of follow-up. All statistical tests were two-sided.

1 Triple-negative breast cancer is breast cancer that is ER-, progesterone receptor (PR)-, and HER2-.

Table 4. Risk of distant metastasis in association with tumor microenvironment of metastasis (TMEM) score and IHC4 score (mutually

adjusted) in the ER*/HER2- subgroup

Variable Category Odds ratio (95% confidence interval)*
TMEM <6 1.00 (referent)

7-22 1.32 (0.69 to 2.51)

>23 2.67 (1.36 to 5.26)

Prend .004

Continuous, per 10 units 1.16 (1.03 to 1.30)
IHC4 <-781 1.00 (referent)

>-781 10 88.32 1.69 (0.91 t0 2.77)

>88.32 1.70 (0.46 to 6.30)

Plrend 14

Continuous, per 10 units

1.06 (1.00 to 1.13)

* Results were obtained using an unconditional logistic regression model with adjustment for lymph node status, tumor size, tumor grade, hormone therapy,
categorized as shown inTable 1, as well as age at diagnosis, and duration of follow-up.

TMEM composite score = —0.18818+0.0147 x TMEM score
+1.1356 x I(2cm < tumor size < 3cm)
+1.2697 x I(tumor Size > 3cm)
+0.4570 x (poor tumor grade)
+1.7358 x I(lymph node number > 4)
+0.5215 xI(hormone therapy)
+0.0010 x age at diagnosis
+1.004 x years of follow —up
—0.0396 xI(diagnosis year before 1988),

where “I” is an indicator variable for each binary category.

ROC Curves

Figure 3 shows the ROC curves and the associated AUCs in the
ER*/HER2- breast cancer subgroup for TMEM score alone, for
the TMEM composite score, and for the IHC4 score. The AUCs
Page 8 of 11
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for TMEM score and THC4 score were similar, whereas that
for the TMEM composite score was higher than those for the
other two (for the two nested models, TMEM composite score
vs TMEM alone: P < .001). The cross-validated ROC/AUC for
the TMEM composite score showed little difference from the
ROC/AUC estimated using all of the data (AUC = 0.74 for the
former and 0.78 for the latter) (Supplementary Figure 2, avail-
able online), indicating minimal overoptimism. As reflected in
the respective AUCs for TMEM score and the TMEM compos-
ite score, for comparable sensitivities (or specificities), the cor-
responding specificity (sensitivity) was higher with the TMEM
composite score (Table 5). Defining a low-risk group as those
with TMEM composite scores less than or equal to -0.94 (90%
sensitivity) and a high-risk group as those with TMEM compos-
ite scores greater than or equal to 0.70 (90% specificity), we esti-
mated that the absolute risks of distant metastasis in the low-,
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Figure 3. Receiver operating characteristic (ROC) curves for tumor microenviroment of metastasis (TMEM) score, TMEM composite score, and IHC4
score in the estrogen receptor (ER)*/human epidermal growth factor receptor (HER2)- subgroup.

Table 5. Sensitivity and specificity of tumor microenvironment of metastasis (TMEM) score and the TMEM composite score for various
cutpoints in the estrogen receptor—positive/lhuman epidermal growth factor receptor-negative subgroup.

Variable Risk group

Cutpoint for risk group

Sensitivity (95%
confidence interval)

Specificity (95%
confidence interval)

TMEM score Low risk <2
<4
<7

High risk >29

>37

>50

-0.94

-0.68

-0.40

High risk >0.00

>0.19
>0.70

Composite score Low risk

IA N IN

0.90 (0.87 to 0.93)
0.85 (0.81 t0 0.89)
0.80 (0.75 to 0.85)
0.46 (0.40 to 0.52)
0.37 (0.31 t0 0.43)
0.26 (0.21 to 0.31)
0.90 (0.85 to 0.95)
0.85 (0.79 t0 0.91)
0.80 (0.74 t0 0.87)
0.69 (0.61 to 0.76)
0.60 (0.52 t0 0.68)
0.43 (0.35 to 0.51)

0.18 (0.14 t0 0.22)
0.30 (0.25 t0 0.35)
0.37 (0.31 t0 0.43)
0.80 (0.75 to 0.85)
0.85 (0.81 t0 0.89)
0.91 (0.88 t0 0.94)
0.32 (0.24 t0 0.39)
0.51 (0.43 to 0.59)
0.60 (0.52 to 0.68)
0.80 (0.73 to 0.86)
0.85(0.79 t0 0.91)
0.90 (0.85 to 0.95)

medium-, and high-risk groups were 5.9% (95% CI = 5.1% to
6.9%), 14.1% (95% CI = 13.0% to 15.2%), and 30.3% (95%
CI = 26.1% to 35.4%), respectively (Supplementary Methods,
available online).

Discussion

TMEM is a microanatomic structure that is indicative of tumor cell
intravasation and is identifiable and quantifiable in formalin-fixed
paraffin-embedded tissue. The results of this population-based
cohort study indicate that there is a positive association between
TMEM score and risk of distant metastasis in women with ER*/
HER?2- breast cancer, a subgroup encompassing approximately
60% of all breast cancers. Specifically, risk of distant metastasis was

jnci.oxfordjournals.org

increased 2.7-fold for women with tumors in the highest TMEM
score tertile category compared with the lowest, independently of
key clinical variables. In contrast, the association of IHC4 score
with risk of distant metastasis for the ER*/HER2- group was much
smaller in magnitude and weaker in statistical significance. Further,
inclusion of IHC4 score in the same model with TMEM score did
not diminish either the magnitude or the statistical significance of
TMEM score, which suggests that TMEM score is more strongly
associated with risk of distant breast cancer metastasis than IHC4
score and, by extension, Oncotype DX.

Our further examination of the prognostic value of TMEM
showed that the TMEM composite score had moderate to good
discriminatory power in the ER*/HER2- breast cancer subgroup
(AUC = 0.78). Of interest, MammaPrint was shown to have an
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AUC of 0.681 for prediction of distant metastasis at 5 years in
patients with node-negative breast tumors of 5 cm or less who had
not received adjuvant systemic therapy (34), and Oncotype DX was
shown to have an AUC of 0.69 for prediction of distant metastasis
at 5 years in patients with ER*/HER2- disease and zero to three
positive axillary nodes treated with adjuvant chemotherapy and
endocrine therapy (35).

Our findings raise the possibility that, subject to further valida-
tion, TMEM score might be used to guide treatment decisions. In
this regard, we used two cutpoints of the TMEM composite score
to create three risk groups. Given that we conducted our investiga-
tion as a case—control study, we were not able to directly calculate
the absolute risk of metastasis by level of the TMEM composite
score. Nevertheless, with appropriate assumptions, we estimated
that the absolute risk of distant metastasis for the low-, medium-,
and high-risk groups was 5.9%, 14.1%, and 30.3%, respectively.
The ultimate goal with respect to treatment decisions would be
to offer aggressive treatment to the high-risk group while allow-
ing the low-risk group to avoid unnecessary aggressive treatment.
The question of what treatment to offer those in the intermediate-
risk category might be resolved by conducting a randomized trial
to compare aggressive (eg, chemotherapy and hormonal therapy)
vs less-aggressive therapy (eg, hormonal therapy alone), as is cur-
rently being done in the TAILORx trial with the Oncotype DX
assay (36).

The TMEM assay is mechanism-based. It derives from high-res-
olution studies of rat, mouse, and human mammary tumors designed
to understand the interaction between tumor cells and their micro-
environment. Specifically, intravital multiphoton imaging in these
mammary tumors has demonstrated that the increased expression
of proinvasion isoforms of Mena (detected by the pan-Mena anti-
body) is observed in macrophage-associated tumor cells involved in
streaming migration and intravasation at TMEM (7,10,11,13,37,38).
Mena (39-41) is an Ena/VASP protein family member that is a key
actin polymerization regulatory protein (13,42-44). Knockout of
the Mena gene delays tumor progression and dramatically decreases
metastasis in highly aggressive polyoma middle-T transgenic mouse
mammary tumors due to decreased intravasation (8). This phenotype
results from the requirement of the proinvasion isoforms of Mena
for efficient paracrine signaling between macrophages and tumor
cells (7,11,16,45). Perivascular macrophages, a key component of
TMEM, attract Mena overexpressing tumor cells to blood vessels by
paracrine signaling and facilitate tumor cell intravasation by stimu-
lating RhoA activation and invadopodium initiation in tumor cells
upon direct contact (7,10-12,45,46).

This study had several strengths and some limitations.
Strengths include evaluation of a mechanism-based marker and
the prospective, population-based design with prespecified breast
cancer subtype analyses, long follow-up, central grading and ER/
PR/Ki67 and HER2/neu testing, and the large sample size; in fact,
this study included more case patients with distant metastasis than
studies that have evaluated other predictors of distant metastasis
(34,47-50). Furthermore, we were able to provide estimates of test
sensitivity and specificity. Limitations include the fact that tumor
tissue was not obtained for all potentally eligible subjects and
the relatively small sample size of the triple-negative and HER2*
subgroups.
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In conclusion, our findings indicate that TMEM score is posi-
tively associated with risk of distant metastasis in women with
ER*/HER2- breast cancer and provides prognostic information
that is independent of IHC4 score and other clinicopathologic
risk factors. According to the schema of Simon et al. (51), this
study provides level 2, category C evidence supporting the prog-
nostic information provided by the TMEM score. Additional
validation studies are required to provide confirmatory informa-
tion supporting the clinical validity and utility of the TMEM
assay.
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