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Abstract: Vitamin D has been recognized for its immune-modulating properties. We have
previously found that levels of 250HD, and cytokines including IL5, [FNa2, and TNFa,
are also associated with estrogen receptor (ER) negative breast cancer in younger women.
Thus, we hypothesized that there may be interactions between vitamin D and the immune
system in influencing breast cancer ER status, which was tested in 490 women with
incident breast cancer. There was no correlation of the levels of 250HD with any cytokine,
and their associations with tumor ER negative status were independent of each other.
However, premenopausal women with low 250HD and high TNFa levels had the highest
likelihood of having ER negative cancer (odds ratio [OR] = 7.32, 95% confidence interval
[CI] = 2.44-21.98), with evidence of synergy between the two (relative excess risk due to
interaction [RERI] = 5.46, p for additive interaction = 0.14, and p for multiplicative
interaction = 0.09). There were similar synergistic associations between 250HD and ILS5,
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and several IFNa2 to Th2 cytokine ratios. This is the first study to provide evidence of
interactions between vitamin D and the immune system in relation to breast cancer ER
status, which may inform combinational use of vitamin D and anti-inflammatory drugs for

cancer prevention and therapy.

Keywords: interactions; 25-hydroxyvitamin D; cytokines; breast cancer; epidemiology;
biomarker

1. Introduction

There is a rich body of evidence supporting vitamin D as a potent immunomodulator [1-4]. VDR
and vitamin D activating enzyme 1a-hydroxylase is expressed in almost all immune cells [5]. While
enhancing innate immune responses against bacterial infection, vitamin D modulates adaptive
immunity by influencing the actions of antigen presenting cells (APCs) and T-helper lymphocytes.
Consistent with its roles in mediating tolerant immunity, vitamin D has been linked to a number of
autoimmune diseases [6], and vitamin D supplementation is efficacious in preventing or curing
autoimmune diseases in some preclinical studies [1]. Among the genes upregulated by vitamin D
stimulation, it was found that genes involved in autoimmune diseases are particularly enriched [7].
Moreover, in randomized clinical trials of patients with cardiovascular disease and colorectal adenoma,
vitamin D supplementation significantly alters patients’ immune profiles [8,9].

Given the evidence of potential immuno-modulating activities of vitamin D, it is plausible to
speculate that there may be interactions between vitamin D and the immune system relevant to the risk
of breast cancer. It has been shown in prostate cancer cell lines that the combination of calcitriol with
the non-steroidal anti-inflammatory drugs (NSAIDs), including naproxen and ibuprofen, can achieve
the same magnitude of cancer cell growth inhibition at 1/2—1/10 the concentrations of the drugs used
as a single agent [10]. Similar synergistic effects have not yet been examined in breast cancer.

A number of epidemiologic studies have examined the role of vitamin D in breast cancer etiology
with inconclusive results. One reason for the inconsistent findings might be cancer heterogeneity—the
association of a risk factor with cancer may differ by cancer subtypes. For breast cancer, estrogen
receptor (ER) is one of a few most important prognostic and predictive biomarkers for breast cancer. It
is likely that ER-positive and ER-negative breast cancer follows distinct etiology pathways. We
hypothesized that vitamin D is related to breast cancer in an ER-status specific way, which were
examined by comparing ER+ vs. ER— cancer. In our previous study, we found that high blood levels of
25-hydroxyvitamin D (250HD) were associated with a lower risk of breast cancer, particularly risk of
the estrogen receptor (ER)-negative and triple-negative cancer subtype, in premenopausal women [11].
Similarly to 250HD, we subsequently found that high levels of plasma cytokines, including interferon
a2 (IFNa2), tumor necrosis factor a (TNFa), and interleukin 5 (IL5), as well as several ratios of
T-helper type 1 (Thl) to Th2 cytokines, were associated with increased likelihood of ER negative and
triple-negative breast cancer compared to ER positive or luminal A tumors in premenopausal women [12].
Although a few cytokines have been examined in relation to ER- and triple-negative breast cancer,
these studies focused mostly on tumor-associated changes in the microenvironment. Our study was the
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largest examining circulating levels of a variety of cytokines, chemokines and their receptors. Given
these previous results and the established literature on the immuno-modulating properties of vitamin D [5],
we speculated that the associations of 250HD and cytokines with breast cancer characteristics may be
inter-correlated and that the combinational associations are stronger than either factor alone.

Among 490 women, newly-diagnosed with invasive breast cancer in our previous studies of
250HD and cytokines, we examined the inter-dependence of the associations of 250HD and cytokines
and further, their combinational associations with breast cancer ER status.

2. Patient Population and Methods
2.1. Patient Population

Detailed description of the patient population has been published elsewhere [11,12]. Briefly, data
and specimens from women with invasive breast cancer were obtained from the Data Bank and
Biorepository (DBBR) at Roswell Park Cancer Institute (RPCI). DBBR is a comprehensive data and
sample bank containing pretreatment biospecimens that are rigorously collected and processed, with
comprehensive clinical and epidemiologic data [13]. These analyses were performed using data from
the 490 women self-identified as non-Hispanic white, diagnosed at RPCI with histologically confirmed
primary, first-time invasive breast cancer, and with no prior cancer history except non-melanoma skin.
They were all breast cancer patients diagnosed between December 2003 to June 2009 and from whom
both serum 250HD and selected plasma cytokines levels were measured. Patients’ clinical data,
including tumor stage, histologic grade and estrogen receptor (ER) status, as determined by standard
clinical immunohistochemical assays, were obtained from a clinical database maintained by the RPCI
breast program and supplemented with data from abstracted medical records and the RPCI Tumor
Registry. Because of the limited number of triple-negative cancer cases, particularly after stratification
by menopausal status, triple-negative status was not analyzed in this study. Self-administered
questionnaires were used to collect data on demographics, reproductive factors, medical history,
family history of cancer, and lifestyle factors. Postmenopausal status in the study was defined as
women who experienced 12 consecutive months of amenorrhea, or women who underwent bilateral
salpingo-oophorectomy. All patients signed the informed consent for DBBR sample banking, and the
study was approved by the Institutional Review Board at RPCI.

2.2. Blood Samples, Serum 25-Hydroxyvitamin D Assay, and Plasma Cytokine Assays

Blood samples were collected, prior to surgery and any adjuvant treatment, in phlebotomy when
specimens for clinical measures are drawn, transported to the laboratory through a pneumatic tube
system, and processed within one hour of blood draw. Specimens were maintained in liquid nitrogen
until analysis. Serum 25-hydroxyvitamin D (250HD) concentrations were measured by the
immunochemiluminometric assay on the DiaSorin Liasion automated instrument performed by
Heartland Assays (Ames, IA, USA). The coefficient of variation (CV) from laboratory technical QCs
was 8.8%. A panel of 27 cytokines was measured based on plasma samples by Luminex xMAP
immune-bead array assays (Millipore, Bellerica, MA, USA) performed by the RPCI Flow Cytometry
Core. Intra-plate CVs from laboratory technical QCs ranged from 1.4% to 7.5% and inter-plate CVs
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ranged from 2.7% to 11.9%. To reduce the burden of multiple testing, only cytokines and ratios which
had been significantly associated with breast cancer ER status in our previous study were included in
this analysis; these were IL5, IFNa2, TNFa, six IFNa2 to Th2 cytokines ratios (IFNa2/IL4,
IFNo2/IL10, IFNa2/CCL2, IFNa2/CCL7, IFNa2/CCL11, IFNa2/TNFa), and four Th1 cytokine to IL5
ratios (IL12p70/ILS, IFNy/ILS, CXCL10/IL5, and TNFo/ILS).

2.3. Statistical Analysis

Descriptive characteristics of the patient population were summarized using mean and standard
deviation for continuous variables and count and percent for categorical variables. To examine the
associations of 250HD and cytokines on breast cancer ER status (ER negative vs. ER positive), each
analyte or cytokine ratio was dichotomized at the median (high vs. low) and examined in relation to
ER status using unconditional logistic regression. Odds ratio (OR) and 95% confidence intervals (CI)
were derived with adjustment for age at diagnosis, specimen storage time, season of blood draw,
timing of blood draw in relation to receipt of treatment, and American Joint Committee on Cancer
(AJCC) breast cancer stage. Further adjustment with other potential covariates, including breast cancer
family history, body mass index, tumor grade, and smoking status did not significantly alter the
estimates, and were thus not included. Correlation between levels of 250HD and cytokines/ratios was
tested using Spearman correlation with adjustment for the same set of covariates. To test whether the
associations of 250HD and cytokines on cancer ER status were independent from each other, mutual
adjustment in the logistic regression models with the same covariates was performed.

To examine the combinational associations of 250HD and cytokines on breast cancer ER status, a
composite variable between 250HD and each cytokine/ratio with four levels was created (high
250HD low cytokine, high 250HD high cytokine, low 250HD low cytokine, and low 250HD high
cytokine) and examined in relation to ER status using similar logistic regression models as described
above, with women at high 250HD and low cytokine levels as the reference group (presumably at the
lowest risk based on previous analyses of the main effects). For the four Thl cytokine to ILS ratios,
where IL5 was used as a denominator (IL12p70/ILS, IFNy/IL5, CXCLI10/ILS, and TNFo/IL5), the
high and low risk categories were reversed as the low level of each ratio was associated with
increased risk. Additive interactions were estimated using the relative excess risk due to interaction
(RERI = OR;; — ORjp — ORy; + 1), where OR;;, OR}y and ORy; were odds ratios associated with low
250HD high cytokine (highest risk group), low 250HD low cytokine (sub-high risk group), and high
250HD and high cytokine (sub-high risk group), respectively. Confidence intervals and p-values for
RERI were computed by published SAS program by Lundberg and Andersson [14,15]. An RERI
above 0 would indicate a synergistic association and an RERI below 0 would indicate an antagonistic
association. Multiplicative interactions were tested by adding the cross product terms between the
binary 250HD level and each of the binary cytokine/ratio to the logistic regression model, and the
Wald test was used to estimate the significance of multiple interactions. A p-value <0.05 was
considered statistically significant for main effects. Given the relatively limited sample size, a p-value
for interaction <0.20 was considered statistically significant. All analyses were performed in SAS 9.3.



Cancers 2014, 6 215

3. Results

Descriptive characteristics of the 490 patients with invasive breast cancer are summarized in Table 1
for all patients or by cancer ER status. The average age of diagnosis was 56 years, with approximately
41% of women diagnosed before menopause. Close to 70% of women were overweight or obese
(BMI >25 kg/m?) and only 19% of women were considered vitamin D sufficient (serum 250DH
>30 ng/mL). Most of the women had early stage breast cancer (stage I-I11A), 63% of tumors had high
histological grade, and 23% were ER negative.

Table 1. Descriptive characteristics of breast cancer patients from the Data Bank and
Biorepository (DBBR) overall and by estrogen receptor status.

Characteristics All patients (n =490) ER-negative (n =113)  ER-positive (n = 370)

Age at diagnosis, years, mean + sd 56.4+12.9 523 +12.7 57.6+12.8
Menopausal status, N (%)
Premenopausal 200 (40.8) 53 (46.9) 145 (39.2)
Postmenopausal 290 (59.2) 60 (53.1) 225 (60.8)
Body mass index
Normal (<25 kg/m?) 145 (30.3) 34 (30.3) 111 (30.9)
Overweight (25-29.9 kg/m?) 166 (34.7) 46 (41.1) 118 (32.9)
Obese (> 30 kg/m’) 168 (35.0) 32 (28.6) 130 (36.2)
Vitamin D status

Sufficient (=30.0 ng/ml) 93 (19.0) 22 (19.5) 70 (18.9)
Insufficient (20-29.9 ng/ml) 195 (39.8) 41 (36.3) 149 (40.3)
Deficient (<20 ng/ml) 202 (41.2) 50 (44.3) 151 (40.8)

Stage, N (%)

I 293 (59.8) 50 (44.2) 237 (64.1)
I/IITA 177 (36.1) 58 (51.3) 119 (32.2)

HIB/IC/TV 20 (4.1) 5(4.4) 14 (3.8)

Histological grade, N (%)

I 45 (9.3) 1(0.9) 42 (11.5)

II 129 (26.7) 15 (13.5) 114 (31.1)

111 310 (64.0) 95 (85.6) 210 (57.4)

For some variables the count and percent do not add up to the total due to missing data. Abbreviation: sd,
standard deviation; ER, estrogen receptor.

3.1. Correlations between Levels of 250HD and Cytokines/Ratios

Spearman partial correlations between serum levels of 250HD and plasma levels of selected
cytokines and ratios with adjustment for covariates are shown in Table 2. There were moderate
positive correlations among IL5, TNFa, and IFNa2, as well as with cytokine ratios containing these
cytokines. However, there was no correlation of 250HD with any of the cytokines or ratios. No
correlation was found after stratification by either menopausal status or ER status (data not shown).
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3.2. Main Effects of 250HD and Cytokines/Ratios on Cancer ER Status

As we previously reported [11,12] and is shown in Table 3, among premenopausal breast cancer
patients, low serum levels of 250HD were associated with increased odds of ER negative vs. ER
positive cancer, while high plasma levels of IL5, [FNa2 and TNFa were associated with increased
odds of ER negative in comparison to ER positive cancer. In addition, the higher ratios of IFNa2 to
Th2 cytokines, including I[FNo2/IL4, IFNa2/IL10, IFNa2/CCL2, IFNa2/CCL7, IFNa2/CCL11, and
IFNa2/TNFa, were associated with increased odds of ER negative vs. ER positive cancer. Lower ratios
of Thl cytokines to ILS5, including IL12p70/IL5, IFNy/IL5, CXCLI10/ILS, and TNFo/IL5, were
associated with higher odds of ER negative disease. To examine whether the associations of 250HD
and cytokines/ratios were independent from each other, we mutually adjusted for each other in the
same multivariate models, and the associations remained essentially unchanged (data not shown).

3.3. Combinational Associations of 250HD and Cytokines/Ratios on ER Status in Premenopausal
Breast Cancer Patients

Because the main effects of 25SOHD and cytokines on ER status were found only in premenopausal
patients, their combinational associations were analyzed in this subgroup only. The ORs and 95% Cls
shown in Table 4 for each of the four groups consisted of high and low levels of 250HD and
cytokines/ratios, as well as RERI and p-values for additive and multiplicative interactions. The most
notable synergistic association was between 250HD and TNFa. Compared to the lowest risk group
(high 250HD and low TNFa levels), patients in the highest risk group (low 250HD and high TNFa
levels) had more than 7-fold increased odds of ER negative vs. ER positive cancer (OR = 7.32, 95%
CI = 2.44-21.98). The estimated RERI was 5.46 (95% CI = —1.84-12.76); p for additive interaction
was 0.14 and p for multiplicative interaction was 0.09. Similar synergistic associations were also found
between 250HD and ILS5, as well as seven cytokine ratios, including IFNa2/IL4, IFNa2/IL10,
IFNa2/CCL2, IFNo2/TNFa, IL12p70/ILS, IFNy/ILS, CXCL10/ILS, and TNFo/ILS, although tests for
additive or multiplicative interactions were not significant (Table 4). We also found evidence of
antagonistic association between 250HD and INFa2, as the OR in the highest risk group, 7.68 (95%
CI = 2.25-26.23), was lower than the addition of the ORs of each factor alone, and the RERI was
below 0 (RERI = —1.83, 95% CI = -9.33-5.67, p for additive interaction =0.63 and p for multiplicative
interaction =0.10). Similar antagonistic associations were also found between 250HD and
IFNa2/CCL7 and IFNa2/CCL11.
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Table 2. Spearman correlations of pretreatment levels of 250HD with cytokines and ratios in women diagnosed with invasive breast cancer.

IFNe2/ IFNa2/ IFNe2/ IFNa2/ IFNa2/ IFNa2/ 1IL12p70/ IFNy/ CXCL10/

Variable - 250HD LS IFNa2  TNFa L4 ILI00 CCL2 CCL7 CCLIl  TNFa IL5 L5 IL5
IL5 0.05

[FNo2 0.08 0.40

TNFa 0.05 0407 0337

IFNo2/IL4 —0.06 0.07 035" 0.11°

[FNa2/IL10 0.04 0237 08177 022" 04277

IFNo2/CCL2 0.09 038 097 028" 032" 0787

[FNa2/CCL7  —0.03  0.127  0.66" 0.04 04177 060"  0.63

IFNo2/CCL11  0.03 038 096 0327 0337 0787 0947 0647
[FNa2/TNFa  0.06 0227 0877 -0.11° 0327 073" 0877 07077 08477

IL12p70/IL5 0.01 —0.64" 0.00 0.00 0.06 0.07 0.00 -0.09 -0.01 —-0.02
IFNy/IL5 003 -08" -018"" -015""  0.03 -0.06 -0.18"" -0.14" -0.18"" -0.12" 0777
CXCL10/IL5 -0.07 -096"" -038°" -031"" —-007 -024"" -038"" -0.12" -036"" —-024™ 063" 081"

TNFa/IL5 -0.04 -095" -033™  -0.14" -0.03 -018"" -033" -0.12" -0317" 028" 070" 085" 0957

Partial correlations adjusted for age at diagnosis, season, date of blood draw, timing of blood draw in relation to surgery and treatment, and tumor stage. *, p < 0.05;
** p<0.01; *** p<0.001.

Table 3. Associations of blood levels of 250HD and cytokines with odds of estrogen receptor (ER) negative breast cancer versus ER positive
breast cancer.

All women Premenopausal women Postmenopausal women
Cytokine/Ratio Level

# ER— vs. ER+ OR (95% CI) p* # ER— vs. ER+ OR (95% CI) p* # ER— vs. ER+ OR (95% CI) p*

250HD High 52/188 1.00 23/85 1.00 29/103 1.00
Low 61/182 1.24 (0.80-1.92) 0.34 30/60 2.08 (1.05-4.11) 0.04 31/122 0.78 (0.42-1.45)  0.44

IL5 Low 53/187 1.00 20/87 1.00 33/100 1.00
High 60/183 1.25 (0.8-1.95) 0.32 33/58 3.09 (1.51-6.29) 0.002 27/125 0.7 (0.38-1.28) 0.25

IFNa2 Low 45/194 1.00 16/75 1.00 29/119 1.00

High 68/176 1.57 (1.01-2.44)  0.05 37/70 2.46(1.22-4.95)  0.01 31/106 1.15 (0.62-2.11)  0.66
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Table 3. Cont.

All women Premenopausal women Postmenopausal women
Cytokine/Ratio  Level

# ER— vs. ER+ OR (95% CI) p* # ER— vs. ER+ OR (95% CI) # ER—vs. ER+ OR (95% CI) p* p*

TNFa Low 55/188 1.00 28/104 1.00 27/84 1.00
High 58/182 1.38 (0.87-2.17) 0.17 25/41 2.27 (1.144.51) 0.02 33/141 0.74 (0.4-1.37) 0.34

IFNo2/1L4 Low 46/195 1.00 21/81 1.00 25/114 1.00
High 67/175 1.54 (0.99-2.4) 0.06 32/64 1.99 (1.01-3.94) 0.05 35/111 1.19 (0.64-2.21) 0.59

IFNo2/IL10 Low 45/194 1.00 16/70 1.00 29/124 1.00
High 68/176 1.65 (1.06-2.58) 0.03 37/75 2.25(1.114.54) 0.02 31/101 1.43 (0.78-2.62) 0.25

IFNo2/CCL2 Low 45/194 1.00 15/68 1.00 30/126 1.00
High 68/176 1.56 (0.99-2.44) 0.05 38/77 2.44 (1.17-5.09) 0.02 30/99 1.23 (0.67-2.26) 0.51

IFNo2/CCL7 Low 45/194 1.00 21/82 1.00 24/112 1.00
High 68/176 1.65 (1.06-2.57) 0.03 32/63 1.71 (0.87-3.37) 0.12 36/113 1.5 (0.81-2.78) 0.20

IFNo2/CCL11 Low 45/193 1.00 17/70 1.00 28/123 1.00
High 68/177 1.49 (0.95-2.32) 0.08 36/75 1.87 (0.94-3.74) 0.08 32/102 1.26 (0.69-2.32) 0.45

IFNo2/TNFa Low 39/200 1.00 14/70 1.00 25/130 1.00
High 74/170 2.03 (1.29-3.2) 0.002 39/75 2.36(1.144.9) 0.02 35/95 1.87 (1.01-3.46) 0.05

IL12p70/ILS High 48/194 1.00 23/82 1.00 25/112 1.00
Low 65/176 1.54 (0.99-2.4) 0.06 30/63 1.83 (0.93-3.59) 0.08 35/113 1.39 (0.75-2.56) 0.30

IFNy/IL5 High 55/188 1.00 24/85 1.00 31/103 1.00
Low 58/182 1.2 (0.77-1.87) 0.41 29/60 2.24(1.12-4.5) 0.02 29/122 0.8 (0.44-1.46) 0.47

CXCL10/IL5 High 50/187 1.00 18/79 1.00 32/108 1.00
Low 63/183 1.27 (0.82-1.98) 0.29 35/66 2.28 (1.14-4.55) 0.02 28/117 0.84 (0.46-1.54) 0.57

TNFo/IL5 High 52/191 1.00 20/85 1.00 32/106 1.00
Low 61/179 1.34 (0.86-2.09) 0.20 33/60 2.82 (1.39-5.72) 0.004 28/119 0.83 (0.45-1.53) 0.56

* Odds ratios and p-values were adjusted for age at diagnosis, season of blood collection), date of blood draw, timing of blood draw in relation to surgery and treatment,

and tumor stage.
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Table 4. Combined effects between blood levels of 250HD and cytokines on the estrogen receptor (ER) negative status in premenopausal
breast cancer patients.

High 250HD Low 25OHD

Cytokine/Ratio Level RERI (95% CI) P_additive P_multiplicative
# ER—vs. ER+ OR (95% CI) * #ER—vs. ER+t OR (95% CI) *

ILS Low 9/52 1.00 14/33 2.97 (1.08-8.14) 2.43 (—2.8-7.67) 0.36 0.89
High 11/35 1.98 (0.69-5.67) 19/25 6.38 (2.29-17.81)

I[FNa2 Low 4/44 1.00 19/41 5.41 (1.63-17.97) —1.83(-9.33-5.67) 0.63 0.10
High 12/31 5.11(1.43-18.22)  18/29 7.68 (2.25-26.23)

TNFa Low 13/54 1.00 10/31 1.42 (0.53-3.79) 5.46 (-1.84-12.76) 0.14 0.09
High 15/50 1.44 (0.59-3.48) 15/10 7.32 (2.44-21.98)

[FNo2/1L4 Low 11/51 1.00 12/34 1.71 (0.64-4.56) 1.05 (—1.77-3.88) 0.47 0.81
High 10/30 1.77 (0.62-5.06) 20/30 3.54 (1.4-8.93)

IFNa2/IL10 Low 6/41 1.00 17/44 2.86 (0.98-8.31) 0.55 (-3.59-4.69) 0.79 0.57
High 10/29 2.78 (0.86-9) 20/31 5.19(1.76-15.27)

IFNa2/CCL2 Low 11/39 1.00 12/46 0.91 (0.35-2.42) 1.04 (-0.84-2.91) 0.28 0.40
High 8/23 1.39 (0.45-4.26) 22/37 2.34 (0.94-5.83)

IFNa2/CCL7 Low 6/50 1.00 17/35 3.6 (1.24-10.44) —2.77 (-8.48-2.94) 0.34 0.06
High 15/32 449 (1.51-13.34) 15/28 4.32 (1.42-13.12)

IFNo2/CCL11 Low 6/42 1.00 17/43 2.69 (0.92-7.87) —0.49 (—4.66-3.68)  0.82 0.37
High 11/28 3.18(0.99-10.17)  19/32 4.37 (1.5-12.76)

IFNa2/TNFa Low 5/42 1.00 18/43 3.06 (0.99-9.45) 0.53 (-3.87-4.93) 0.81 0.53
High 9/28 2.85(0.83-9.8) 21/32 543 (1.77-16.62)

IL12p70/ILS High 11/49 1.00 12/36 1.63 (0.61-4.34) 1.26 (—1.88-4.4) 0.43 0.78
Low 12/33 1.86 (0.7-4.97) 18/27 3.75(1.42-9.92)

IFNy/ILS High 11/50 1.00 12/35 1.77 (0.66-4.77) 2.67 (—1.62-6.96) 0.22 0.42
Low 13/35 1.64 (0.62-4.39) 17/25 5.09 (1.85-14.05)

CXCL10/1LS High 9/48 1.00 14/37 1.95(0.73-5.23) 1.59 (-1.71-4.89) 0.34 0.75
Low 9/31 1.73 (0.59-5.12) 21/29 4.28 (1.63—11.24)

TNFo/ILS High 10/52 1.00 13/33 2.27 (0.84-6.17) 2.4 (—1.78-6.58) 0.26 0.63
Low 10/33 1.63 (0.57-4.62) 20/27 5.3 (2-14.08)

* Odds ratios and p-values were adjusted for age at diagnosis, season of blood collection), date of blood draw, timing of blood draw in relation to surgery and treatment,

and tumor stage. Abbreviations: ER, estrogen receptor; RERI, relative excess risk due to interaction; CI: confidence interval.
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4. Discussion

In this study, we examined the combinational associations of serum levels of 250HD with plasma
levels of three cytokines, [IFNa2, TNFa and ILS, as well as ten cytokine ratios, on ER status of breast
cancer. There was no correlation between blood levels of 250HD and any of the cytokines/ratios, and
the main effects of 250HD and cytokines on breast cancer ER status, primarily in premenopausal
women, were independent of each other. However, when considered together, premenopausal
women with low 250HD and high TNFa had the highest likelihood of having ER negative breast
cancer, which was higher than the addition of main effects of each. Similar synergistic associations
were also found for IL5 and several cytokine ratios. On the contrary, there was some evidence for
antagonistic associations between 250HD and IFNa2 on ER status, which was also found for two
cytokine ratios where IFNa2 was the numerator. These findings, although preliminary due to the
limited sample size and retrospective measurement of the analytes, provide the first evidence for
extensive interactions between vitamin D and immune factors, which may influence breast cancer risk
and aggressive characteristics.

The strongest synergistic association on breast cancer ER status was found between 250HD and
TNFa. As a pro-inflammatory cytokine from macrophages and tumor microenvironment, TNFa has
been implicated in cancer promotion and progression [16], possibly by mediating epithelial-mesenchymal
transition required for tumor invasion and angiogenesis [17—19], and has been investigated as a target
for cancer therapy [20]. In breast tumor tissues, high expression of TNFa has been linked with ER
negativity and cancer relapse [17,21]. While there are numerous studies of either TNFa or vitamin D in
breast cancer, studies on their interactions are scarce. In cell culture and animal studies, vitamin D
treatment was found to suppress the production of TNFa [22,23]. In a small randomized trial among
patients with colorectal adenoma, 800 IU/day of vitamin D3 supplementation for over six months only
non-significantly decreased TNFa by 13% [9]; while in two earlier small trials among patients with
congestive heart failure or ambulatory adults, 2,000 1U/day of vitamin D3 had no effect on circulating
levels of TNFa [8,24]. In our study, we did not find a correlation between blood levels of 25OHD and
TNFa in breast cancer patients, which was consistent with the results of the two trials. Furthermore,
we found that the effects of 2SOHD and TNFa on breast cancer ER status were independent from each
other. Nevertheless, the group of premenopausal patients with combined low 250HD and high TNFa
levels were at the highest odds of ER negative vs. ER positive breast cancer, much higher than the
expected additive effects from each analyte. Given the independence of circulating levels and
main effects between 250HD and TNFa, this observed synergistic association implies separate but
inter-connecting pathways underlying the roles of the two analytes on the etiology of breast cancer
subtypes. The exact biological mechanisms for the synergy are unclear.

Similarly to the case of TNFa, we also found synergistic associations between 250HD and IL5 on
breast cancer ER status in premenopausal patients. IL5 is produced by Th-2 lymphocytes and plays an
important role in B-cell differentiation and eosinophilopoiesis [25]. ILS has been linked with anti-tumor
activities, specifically, tumor immune surveillance by eosinophils as demonstrated in lung and
fibrosarcoma mice models [26,27]. In-depth studies of IL5 in breast cancer are lacking. In one small
study of 105 breast cancer patients, IL5 expression could not be detected in tumor tissues [21], while in
another study of 35 breast cancer patients and 24 women with benign breast diseases, serum IL5 level
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was significantly higher in cancer patients [28]. This finding, as well as the finding from our study that
high IL5 level was associated with increased odds of ER negative vs. ER positive cancer, is
inconsistent with the anti-tumor properties of IL5. It is possible that IL5-driven immune surveillance
targets more strongly against ER positive cancer cells and thus the higher ratio of ER negative vs. ER
positive odds in patients with high IL5 levels. Alternatively, this observation could be due to a stronger
stimulation of IL5 response by ER negative cancer cells. Nonetheless, these observational findings
need to be further investigated in prospective studies.

Although vitamin D is known to enhance Th2 immune responses, the relationship between vitamin D
and ILS5 in human has been ambiguous. In two small trials among ambulatory or obese adults, vitamin D3
supplementation did not increase circulating IL5 concentrations [29,30], consistent with our finding of
no correlation between 250HD and IL5 levels in breast cancer patients. The potential biological
mechanisms to explain the synergistic associations between 250HD and IL5 on ER status in our study
are unclear, but the observational finding may provide a new clue for future studies of the roles of
vitamin D in mediating Th2 immune responses.

In addition to the above synergistic associations, we also found some evidence of antagonistic
associations between 250HD and IFNa2, as well as IFNa2 to Th2 cytokine ratios, on breast cancer ER
status in premenopausal patients. [IFNa2 belongs to the large family of interferon alpha, which is Thl
cytokine in response primarily to viral infection. Deletion of /FNA gene has been observed in acute
leukemia and glioma cases [31], and impaired interferon signaling was an immune deficiency common
in human cancers, including breast cancer [32]. Although vitamin D generally suppresses Thl immune
responses, we did not find any correlation between circulating levels of 250HD and IFNo2. The
antagonistic associations on breast cancer ER status could possibly be due to over saturation of the
deleterious effects resulting from low vitamin D and high IFNa2 levels.

The synergistic associations between vitamin D and cytokines on breast cancer aggressive
characteristics may have important implications to breast cancer prevention and prognosis. Both
vitamin D and NSAIDs have been studied separately in relation to reduced breast cancer risk and
superior prognosis [33—39]. Nevertheless, despite mounting evidence on extensive roles of vitamin D
in regulating immune responses, these two potentially “actionable” cancer prevention agents have
seldom been considered together. One previous study demonstrated a clear synergistic effect between
calcitriol and NSAIDs on inhibiting the growth of prostate cancer cells in vifro [10]. Our study based
on a cohort of breast cancer patients demonstrates for the first time that such synergistic effects may
also exist in breast cancer, and calls for future prospective studies to evaluate the combined use of
vitamin D and NSAIDs for cancer prevention and prognosis.

A limitation of our study is that blood samples were drawn at the time of diagnosis, and may not
necessarily reflect etiologic events but rather, could be the result of disease onset or progression.
Although the average time from diagnosis to the time of blood draw was relatively short (27 days), and
the majority of blood samples were collected before any treatment (92%), we still cannot exclude a
possibility of reverse causal relationships between blood analytes and breast cancer aggressive
characteristics. However, exclusion of the samples collected after the initiation of treatment had little
impact on the results. Another limitation of our study is the relatively small number of patients
included in the analysis, particularly in subgroup analyses among premenopausal women. As a result,
none of the interaction tests reached statistical significance when multiple comparison error was
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considered. Due to the concern of multiple testing, we refrained from analyzing the interactions
between 250HD and all cytokines and their ratios examined in our previous study, but instead focused
on those shown significant main effects. However, it is possible that significant interactions exist even
without significant main effects. In our previous analyses of the main effects of 250HD and cytokines,
we examined both ER status and triple-negative subtype vs. luminal A subtype. However, when examining
the combinational associations between 250DH and cytokines, the numbers of triple-negative breast
cancer patients were rather limited, especially after stratifying by menopausal status. Although
associations for triple negative breast cancer were similar to those reported here for ER status, that
women with low 250HD and high cytokine were most likely to have triple negative breast cancer vs.
luminal A subtype (data not shown), the confidence intervals of the ORs were very wide; thus, we
reported only the results of ER status.

5. Conclusions

In women diagnosed with invasive breast cancer, we found no correlation of serum 250HD levels
with plasma levels of cytokines/ratios, and associations of 250HD and cytokines with ER status were
independent of each other. When 250HD and cytokines/ratios were combined in our analyses,
synergistic associations on ER status were found between 250HD and TNFa and IL5, as well as
several cytokine ratios, in premenopausal breast cancer patients. Caveats of a limited sample size and
measurement of blood levels 250HD and cytokines at the time of diagnosis should be considered
when interpreting our results. Our study provides the first evidence of potential interactions between
250HD and the immune system in modulating breast cancer aggressive characteristics, which may
warrant further investigation in a future large prospective study.
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