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Purpose: Previous studies have reported that infection-induced fever is associated with improved breast cancer prognosis, potentially
through the modulation of cytokines. However, the key cytokines and the underlying mechanisms through which fever exerts its anti-
tumor effects remain unclear.

Patients and Methods: A total of 794 breast cancer patients were recruited between 2008 and 2017, with follow-up extending until
October 31st, 2023. Infection-induced fever was assessed using questionnaires, while a multiplex assay evaluated a panel of 27
cytokines. The mediation effects of various cytokines were analyzed through model-based causal mediation analysis. Additionally, we
explored modifications to these mediation effect by examining interactions among the cytokines themselves as well as their
interactions with infection-induced fever. Bioinformatic analyses were conducted to elucidate the biological pathways mediating
infection-induced fever.

Results: The relationship between infection-induced fever and improved breast cancer prognosis was mediated by a decrease in
interleukin-8 (IL-8) levels. Furthermore, our findings revealed that the downregulation of IL-8, which mediates the beneficial effects of
fever, was antagonized by IL-2, IL12p70 and IL-7. By intersecting the biological pathways influenced by IL-8, alongside those
affected by IL-2, IL12p70, or IL-7, we found that these latter cytokines antagonized the mediation effects of IL-8 via regulating critical
pathways such as neutrophil degranulation, extracellular matrix organization and asparagine N-linked glycosylation.

Conclusion: Infection-induced fever may improve breast cancer prognosis through IL-8 downregulation and the mediation mechan-
isms may be involved in neutrophil degranulation, extracellular matrix organization and asparagine N-linked glycosylation. Such
findings not only provide valuable insights into effectively managing febrile responses for breast cancer patients, but also underscore
the therapeutic potential of cytokines in breast cancer patients.
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Introduction
Cancer has emerged as a public health threat globally. It is estimated that there will be 2,001,140 new cancer cases and
611,720 cancer-related deaths in the United States in 2024." Breast cancer remains the leading cause of female cancers
worldwide. Despite rapid advancements in therapeutic strategies, novel biomarkers and treatment regimens are still
required to enhance treatment efficacy and overall prognosis for breast cancer patients.”

Since the emergence of coronavirus disease 2019 (COVID-19) as a global public health concern in 2019, fever has
become one of the most prevalent clinical manifestations among vulnerable populations, such as breast cancer
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patients.>* The impact of fever on breast cancer prognosis has attracted considerable attention. Epidemiology studies
have consistently demonstrated that infection-induced fever is associated with a reduced risk of breast cancer and
improved breast cancer prognosis. Consistently observed phenomena include spontaneous regression of tumors
following febrile responses induced by Coley’s toxin (heat-killed Streptococcus pyogenes and Serratia marcescens),
vaccination therapy, or microorganism infection in clinical practice.”® This suggests an anti-tumor effect of fever
attributed to immune system activation.®’ Conversely, life-threatening complications arising from febrile infection and
the following febrile neutropenia during cancer therapies may promote cancer progression and elevate patient mortality
rates.> ' Given these contradictory results, investigating the underlying mechanisms through which fever enhances
breast cancer prognosis could illuminate strategies for effective fever management and prognostic improvement in this
patient population.

Cytokine modulation represents a primary physiologic response to fever.''"'> Recent research has shown that
cytokines play critical roles in oncogenesis exhibiting dual functions either suppressing or promoting tumor growth
via regulating immune responses and cellular behavior.”'*'7 For instance, IL-8 has been widely recognized as a pro-
tumor cytokine which operates through recruiting and activating myeloid cells, promoting angiogenesis and maintaining
cancer stem cells.'”'® In contrast, IL-2, IL-7 and IL-12 have been reported to enhance anti-tumor immune responses
mediated by T cells and natural killer (NK) cells.'” In the context of breast cancer, prior studies have indicated that the
relationship between infection-induced fever and oncogenesis is influenced by interferon-y (IFN-y) polymorphism,*
while IL-6 polymorphism modify the association between fever and cancer prognosis.” These findings highlight the
critical role of cytokines in mediating the relationship between febrile responses and breast cancer progression. However,
whether and which cytokines mediate the effects of infection-induced fever on breast cancer prognosis remain to be
systematically evaluated. Given their pleiotropic nature, elucidating precise biological mechanisms linking infection-
induced fever to breast cancer outcomes becomes complex even when specific mediators are identified. Leveraging the
propensity of cytokines to interact with each other, we can uncover the mediation effects that can be modified and the
biological pathways underlying these moderated mediation effects may elucidate the anti-tumor effects of infection-
induced fever on breast cancer prognosis.

Utilizing data from Guangzhou Breast Cancer Study (GZBCS), we systematically investigated the mediation effects
of 27 cytokines and identified that IL-8 downregulation mediated the anti-tumor effects of pre-diagnostic fever.
Furthermore, our analysis revealed that the mediation effect of IL-8 was antagonized by IL-2, IL-7, and IL-12p70;
additionally involving biological pathways related to neutrophil degranulation, extracellular matrix organization and
asparagine N-linked glycosylation. These pathways likely represent key biological functions through which IL-8
mediates the associations between infection-induced fever and enhanced breast cancer prognosis (Figure 1). Based on
these findings, combined levels of IL-8, IL-2, IL-7 and IL-12 may serve as a predictive biomarker for breast cancer
outcomes in future studies. Correspondingly, recombinant IL-2, IL-7 or IL-12 and antagonists or monoclonal antibodies
targeting IL-8 could potentially be utilized for patients either as monotherapy or in combination with other therapeutic
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Figure | Model of moderated mediation effect evaluation elucidating the cytokine-mediated anti-tumor mechanisms of infection-induced fever on breast cancer prognosis.
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Materials and Methods

Study Population and Serum Sample Collection

A total of 794 breast cancer patients who underwent serum cytokines testing were included in the current study. These
patients were recruited from the First Affiliated Hospital of Sun Yat-sen University and Sun Yat-sen Memorial Hospital
in Guangzhou, China, from 2008 to 2017. The inclusion and exclusion criteria were reported previously.>' Briefly, a total
of 1775 patients with serum samples were included. We excluded patients for whom any of the following information
was missing: clinical stage (N=243), estrogen receptor (ER) status (N=144), progesterone receptor (PR) status (N=147),
human epidermal growth receptor 2 (HER2) status (N=207), and follow-up (N=108). The patients with poor serum
quality were also excluded (N=204). All the serum samples were collected at the time of diagnosis before any treatment
and stored at —80°C. Cytokines detection was performed on all the serum samples at the same time, which eliminates the
potential batch effects. All the participants were informed with a written consent. This study was approved by the Ethics
Committee of Sun Yat-Sen Memorial Hospital at Sun Yat-sen University.

Baseline Data Collection

Demographic information, including age at diagnosis and infection-induced fever history before breast cancer diagnosis
were collected through a structural questionnaire by trained investigators as previously described.” Medical records were
used for collection of clinical and pathological characteristics like ER status, PR status, HER2 status, and clinical stage.

Follow-Up

The follow-up of breast cancer patients was conducted by telephone calls or outpatient visits at a 3-month interval in the
first year, 6-month interval in the second and third year and annually thereafter as previously described.” The median
follow-up time was 85.91 months. The primary and secondary endpoints of this study were overall survival (OS) and
progression-free survival (PFS), calculated as the time from diagnosis to death and from diagnosis to the date of
progression (recurrence or distant metastasis) or death, respectively. Survival statuses were censored at the latest follow-
up date or October 31, 2023.

Infection-Induced Fever Assessment

As previously described,” pre-diagnostic fever was assessed by asking the patients to recall the average times of fever
per year over the past 10 years at the time of breast cancer diagnosis, including influenza, common cold, abscess,
bronchitis, pneumonia, and herpes simplex (no, <1, 1-2, 3—4, or >5 times). Given that 27.4, 5.9, 1.5, and 0.6% patients
experienced less than 1, 1-2, 3—4, and more than 5 times of fever over the past 10 years, we combined these levels,
yielding a binary variable of pre-diagnostic fever (no and yes). During the follow-up, post-diagnostic fever was assessed
by asking the patients to recall the fever frequency after breast cancer diagnosis using the same questionnaire (no, <I,
1-2, 34, or >5 times). Post-diagnostic fever was also a binary variable (no and yes) because of the low proportion of
patients experienced 1-2, 3—4, and more than 5 times of fever after diagnosis (6.8, 9.8, 0.6, and 1.5%, respectively).
Since the post-diagnostic fever variable was available in only 62.2% participants, the post-diagnostic fever variable was
only used in the sensitivity analysis.

Serological Cytokine Assay

The Bio-Plex Pro Human Cytokine 27-plex assay (Bio-Rad, M500KCAFO0Y) was used to examine 27 cytokines from
serum samples of 794 breast cancer patients according to the protocols of the manufacturer. Briefly, fluorescently dyed
magnetic microspheres (beads) were first added to the 96-well microplate, followed by diluted samples, standards, blank
and controls. After washing, the detection antibodies were added to capture the cytokines that w covalently coupled to
the beads. Next, after a series of washes, a Streptavidin-PE detection antibody is added to form a sandwich complex.
Lastly, assay buffer was added and the plate was read using the Luminex 200 platform (Luminex Corporation, Austin,
TX, USA). The standard curves were constructed and the assay data was analyzed using Bio-Plex Manager 6.0 (Bio-Rad
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Laboratories). For cytokine values below the assay’s lower detection limit, values equal to half of the lower limit of
detection were used. After log-transformation and standardization, the cytokine values were used for analyses.

Statistical Analysis

To identify the potential cytokines altered by infection-induced fever, unpaired Wilcoxon test was performed to compare the
cytokine levels between patients with or without pre-diagnostic fever history. To exclude the potential reverse causation, we
performed sensitivity analyses by evaluating the associations between cytokine levels and post-diagnostic fever.

Cox regression analysis was performed to assess the associations between pre-diagnostic fever and breast cancer
prognosis and the associations between cytokines levels and breast cancer prognosis, respectively. The hazard ratio (HR)
and 95% confidence interval (CI) were derived. The adjusted variables were detailed in the figure legends.

The model-based causal mediation analysis was performed with mediation R package to identify the cytokines with
mediation effect.” Briefly, we specified two statistical models, the mediator model for the conditional distribution of the
mediator (cytokines) given the exposure (pre-diagnostic fever) and the outcome model for the conditional distribution of
the outcome (breast cancer prognosis) given exposure (pre-diagnostic fever) and mediator (cytokines). These models are
fitted separately and then their fitted objects comprise the main inputs to the mediation model, which estimates the
Average Causal Mediation Effect (ACME) and Average Direct Effect (ADE). ACME and ADE quantified the effects of
exposure (pre-diagnostic fever) on outcome (breast cancer prognosis) through mediator (cytokines) and the effects of
exposure (pre-diagnostic fever) on outcome (breast cancer prognosis) without mediator (cytokines), respectively. To
further quantify the magnitude of mediation, the percentage of the association mediated by cytokines was calculated by
ACME/[ADE+ACME)]. The model-based causal mediation analysis was performed on all the 27 cytokines.

The interactions between the cytokines with each other as well as the interactions between cytokines and pre-
diagnostic fever were investigated, to explore the moderated mediation effect. Tests for multiplicative interactions were
conducted using —2 log likelihood ratio test, which compared models with and without the interaction terms. By
intersecting the biological pathways induced by the mediators and the modifiers, we might better reveal the exact
mechanisms mediating the association of infection-induced fever and better breast cancer prognosis.

All statistical analysis was conducted by R software (version 4.1.2) and significance was assigned when p < 0.05.

Sensitivity Analysis

To mitigate the potential reverse causation, we conducted sensitivity analyses by assessing the relationship between
baseline cytokines and post-diagnostic fever. We also conducted another sensitivity analyses by exploring the associa-
tions between pre-diagnostic fever frequency and baseline cytokines.

Bioinformatic Analysis

The gene expression profiles and clinical information of breast cancer patients from the TCGA database were down-
loaded using TCGABiolink R package. We applied single sample gene set enrichment analysis (ssGSEA) method to
assess the enrichment of cytokines signaling as the surrogate of cytokines exposure. ssGSEA is a pathway enrichment
method that can quantify the activation of given gene sets.>** The signatures used to estimate the cytokines signaling
were derived from PathCards database (https:/pathcards.genecards.org/).”

We applied Spearman correlation analysis to identify the genes that might be regulated by different cytokines
exposure. Multiple hypothesis correction was performed and false discovery rate (FDR) less than 0.05 was significant.
The genes co-regulated by the mediators and the cytokines modifying the mediation effects were identified. Reactome
pathway enrichment analysis was performed to identify the biological pathways.

Results

Characteristics at Baseline and Their Associations with Breast Cancer Prognosis
As demonstrated in Table 1, over half of breast cancer patients (62.5%, n=496) at diagnosis were 50 = 9 years old.
Besides, most of the patients were ER-positive (75.6%, n=600), PR-positive (66.1%, n=525), HER2-negative (58.1%,
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Table | Clinicopathologic Characteristics and the Association with Breast Cancer Prognosis

Characteristics Total (%) oS PFS

Events HR (95% CI) Events HR (95% CI)

Age at diagnosis

<40 185 (23.3) | I3 1.00 (reference) 34 1.00 (reference)

41-59 496 (62.5) | 52 1.35 (0.73, 2.47) 84 0.81 (0.55, 1.21)

260 113 (14.2) | 19 2.07 (1.02, 4.19) 30 1.22 (0.75, 1.99)
ER status

Negative 194 (24.4) | 32 1.00 (reference) 52 1.00 (reference)

Positive 600 (75.6) | 52 0.49 (0.32, 0.77) 96 0.55 (0.40, 0.78)
PR status

Negative 269 (33.9) | 41 1.00 (reference) 68 1.00 (reference)

Positive 525 (66.1) | 43 0.48 (0.31, 0.73) 80 0.53 (0.39, 0.74)
HER?2 status

Negative 461 (58.1) | 45 1.00 (reference) 84 1.00 (reference)

Positive 333 (41.9) | 39 1.52 (0.99, 2.34) 64 1.31 (0.94, 1.81)
Lymph node status

Negative 442 (55.9) | 29 1.00 (reference) 60 1.00 (reference)

Positive 348 (44.1) | 53 2.52 (1.60, 3.96) 86 2.01 (1.45, 2.81)
Clinical stage

| 234 (29.5) | 11 1.00 (reference) 20 1.00 (reference)

I 392 (49.4) | 27 1.53 (0.76, 3.08) 58 1.84 (1.11, 3.06)

n 132 (16.6) | 32 6.22 (3.13, 12.36) 50 5.69 (3.38, 9.56)

v 36 (4.5) 14 15.41 (6.93, 34.29) | 20 13.82 (7.36, 25.95)
Pre-diagnostic fever

No 446 (56.2) | 50 1.00 (reference) 87 1.00 (reference)

Yes 281 (35.4) | 24 0.60 (0.37, 0.97) 45 0.66 (0.46, 0.95)

Not available 67 (8.4) 10 1.13 (0.57, 2.24) 16 1.13 (0.66, 1.92)

Notes: Bold character indicates statistically significant result. HR > | indicates that the factor is associated with worse
prognosis, while HR values < | indicates that the factor is associated with better prognosis.

Abbreviations: OS, overall survival; PFS, progression-free survival; ER, estrogen receptor; PR, progesterone receptor;
HER2, human epidermal growth factor receptor 2; HR, hazard ratios; Cl, confidence interval.

n=461), lymph node-negative (55.9%, n=442) and diagnosed with early clinical stage (stage I/Il: 78.9%, n=626)
(Table 1). During the follow-up time (85.91 months), 148 patients experienced cancer progression and 84 died in total
(Table 1). Age over 60 (HR=2.07, 95% CI: 1.02—4.19 for OS), lymph node-positive (HR=2.52, 95% CI: 1.60-3.96 for
OS; HR=2.01, 95% CI=1.45-2.81 for PFS), clinical stage III (HR=6.22, 95% CI: 3.13-12.36 for OS; HR=5.69, 95%
CI=3.38-9.56 for PFS) and clinical stage IV (HR=15.41, 95% CI: 6.93-34.29 for OS; HR=13.82, 95% CI=7.36-25.95
for PFS) were associated with worse breast cancer prognosis, while ER-positive and PR-positive decreased risk of
progression (ER-positive: HR=0.49, 95% CI: 0.32-0.77 for OS and HR=0.55, 95% CI: 0.40-0.78 for PFS; PR-positive:
HR=0.48, 95% CI: 0.31-0.73 for OS and HR=0.53, 95% CI: 0.39-0.74 for PFS) (Table 1).

Consistent with our previous research,?® patients with pre-diagnostic fever history exhibited a remarkably decreased
risk of progression when compared with those who had no fever history before (HR=0.60, 95% CI: 0.37-0.97 for OS;
HR= 0.66, 95% CI: 0.46-0.95 for PFS; Table 1), after adjusting for potential prognostic factors of breast cancer.

Association Between Pre-Diagnostic Fever and Cytokines

To explore the cytokines that might be altered by infection-induced fever, we examined the values of 27 cytokines at the
time of diagnosis. As shown in Figure 2, several cytokines were significantly lower in patients with pre-diagnostic fever
history, including IL-1a, IL-2, IL-6, IL-8, IL-10, IL12p70, IL-13, IL-15, VEGF, MIP1-a, G-CSF and basic FGF. None of
the cytokines exhibited elevated levels in patients with pre-diagnostic fever history.
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Figure 2 The downregulated cytokine expression in breast cancer patients with or without pre-diagnostic fever history. (A) Heatmap showing cytokine expression in breast
cancer patients. Red font shows cytokines that are significantly downregulated in breast cancer patients with fever history. (B) The significantly downregulated genes in

patients with pre-diagnostic fever history.

To mitigate the potential reverse causation, we conducted sensitivity analyses by assessing the relationship between

baseline cytokines and post-diagnostic fever. As shown in Supplementary Table 1, the concentrations of IL-1a, IL-2, IL-
6, IL-8, IL12p70, IL-15, VEGF, MIP-1a and G-CSF did not show significant associations with post-diagnostic fever.

https://doi.org/10.2147/JIR.S496099
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This indicates that these cytokines are likely regulated by pre-diagnostic fever rather than serving as markers for
susceptibility to infection-induced febrile responses. We also conducted another sensitivity analyses by exploring the
associations between pre-diagnostic fever frequency and baseline cytokines. As shown in Supplementary Table 2, we
found that the higher frequency of fever was associated with lower IL-6, IL-1a, IL-2, IL-1pB, Basic FGF, VEGF, PDGF-p,
IL-13, MCP1, IL-8, MIP-1a, IL-10, G-CSF, IL-15, IL-7 and IL12p70, further supporting that the changes in these
cytokines were likely caused by pre-diagnostic fever.

Taken together, our results suggested that IL-1a, IL-2, IL-6, IL-8, IL12p70, IL-15, VEGF, MIP-1a and G-CSF might
be altered by the infection-induced fever.

Associations Between Cytokines and Breast Cancer Prognosis

As shown in Table 2, univariate analyses revealed a significant association between IL-8 levels and shorter OS
(HR=2.06, 95% CI: 1.32-3.21) as well as PFS (HR=1.84, 95% CI: 1.32-2.57), while lower level of MIP-1a was only
significantly associated with shorter PFS (HR=1.44, 95% CI: 1.04-2.00). After adjusting for potential confounding
factors, the result of multivariate Cox regression analyses further verified that IL-8 was associated with worse breast
cancer prognosis (HR=1.83, 95% CI: 1.17-2.87 for OS; HR=1.70, 95% CI: 1.22-2.38 for PFS).

Table 2 Univariate and Multivariate Cox Regression for Scaled Cytokine Expression with
Breast Cancer OS and PFS

Cytokines oS PFS
HR (95% CI)® HR (95% CI)® HR (95% CI) HR (95% CI)®

MIP-13 0.87 (0.57, 1.34) 0.89 (0.57, 1.37) 0.95 (0.69, 1.31) 0.99 (0.72, 1.37)
IL-6 1.21 (0.79, 1.86) 1.20 (0.78, 1.86) 1.14 (0.82, 1.58) 1.12 (0.81, 1.54)
IFN-y 0.94 (0.61, 1.44) 0.92 (0.60, 1.41) 0.93 (0.68, 1.29) 0.92 (0.67, 1.27)
IL-la 1.42 (0.92, 2.19) 1.37 (0.89, 2.12) 1.22 (0.88, 1.68) 1.21 (0.87, 1.67)
IL-5 0.81 (0.53, 1.26) 0.83 (0.54, 1.30) 0.83 (0.60, 1.15) 0.88 (0.64, 1.23)
GM-CSF 1.03 (0.67, 1.58) 1.12 (0.73, 1.73) 0.94 (0.68, 1.30) 1.02 (0.73, 1.41)
TNF-a 0.97 (0.63, 1.49) 0.96 (0.62, 1.48) 1.34 (0.97, 1.86) 1.36 (0.98, 1.89)
RANTES 0.95 (0.62, 1.46) 0.91 (0.59, 1.40) 0.87 (0.63, 1.21) 0.86 (0.62, 1.20)
IL-2 0.98 (0.64, 1.51) 1.03 (0.67, 1.59) 0.83 (0.60, 1.15) 0.88 (0.64, 1.22)
IL-1B 1.29 (0.84, 1.99) 1.31 (0.85, 2.02) 1.24 (0.90, 1.72) 1.22 (0.88, 1.69)
Eotaxin I.11 (0.72, 1.70) 1.05 (0.68, 1.62) 0.92 (0.67, 1.28) 0.84 (0.60, 1.16)
Basic FGF 1.03 (0.67, 1.58) 1.12 (0.72, 1.73) 0.95 (0.69, 1.32) 0.99 (0.71, 1.37)
VEGF 1.05 (0.68, 1.61) 1.19 (0.77, 1.84) 0.89 (0.65, 1.24) 0.97 (0.70, 1.34)
PDGF-f 0.95 (0.62, 1.46) 1.01 (0.66, 1.56) 0.96 (0.70, 1.33) 1.04 (0.75, 1.44)
IP-10 1.51 (0.98, 2.32) 1.28 (0.83, 1.98) 1.23 (0.89, 1.69) 1.05 (0.76, 1.46)
IL-13 1.03 (0.67, 1.59) 1.00 (0.65, 1.55) 1.07 (0.77, 1.48) 1.08 (0.78, 1.50)
IL-4 I.16 (0.75, 1.78) .11 (072, 1.71) 1.12 (0.81, 1.55) 1.10 (0.80, 1.52)
MCPI 1.14 (0.74, 1.75) 1.08 (0.70, 1.67) 1.01 (0.73, 1.39) 0.98 (0.71, 1.36)
IL-8 2.06 (1.32,3.21) | 1.83 (1.17, 2.87) | 1.84 (1.32, 2.57) | 1.70 (1.22, 2.38)
MIP-1a 1.47 (0.95, 2.26) 1.29 (0.83, 1.99) | 1.44 (1.04, 2.00) | 1.32 (0.95, 1.83)
IL-10 1.24 (0.81, 1.92) 1.43 (0.92, 2.21) 1.15 (0.83, 1.59) 1.30 (0.94, 1.80)
G-CSF 1.38 (0.90, 2.12) 1.04 (0.67, 1.61) 1.31 (0.95, 1.81) 1.05 (0.75, 1.46)
IL-15 1.13 (0.73, 1.74) 1.31 (0.85, 2.03) 0.88 (0.63, 1.21) 0.97 (0.70, 1.35)
IL-7 0.99 (0.64, 1.52) 0.94 (0.61, 1.45) 1.02 (0.73, 1.40) 0.97 (0.70, 1.34)
IL12p70 0.84 (0.55, 1.30) 0.90 (0.59, 1.39) 0.82 (0.59, 1.14) 0.91 (0.66, 1.26)
IL-17 0.99 (0.64, 1.52) 0.93 (0.61, 1.43) 0.92 (0.67, 1.28) 0.87 (0.63, 1.20)
IL-9 0.81 (0.53, 1.24) 0.88 (0.57, 1.36) 0.97 (0.70, 1.34) 1.03 (0.75, 1.43)

Notes: Bold character indicates statistically significant result. *Univariate Cox Regression; °Multivariate Cox

Regression.
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Mediation Effects of IL-8 on the Association Between Pre-Diagnostic Fever and Breast

Cancer Prognosis

We next performed mediation analysis on all the 27 cytokines to identify the potential ones that might mediate the effect
of pre-diagnostic fever on breast cancer prognosis. As shown in Table 3, Supplementary Table 3 and Supplementary
Table 4, the ACME of IL-8 was statistically significant for PFS (p=0.036) and was marginally significant for OS
(»=0.052). The ADE of IL-8 was not significant for PFS (p=0.67) and OS (p=0.71). This result suggested that 1L-8
decrease might mainly mediate the anti-tumor effect of fever on breast cancer prognosis. The proportions of mediation by
IL-8 in the anti-tumor effect of fever were found to be 45.82% for OS and 39.76% for PFS, respectively (Table 3).

Modification of ILI2p70, IL-2 and IL-7 on the Mediation Effects

Although we found that IL-8 reduction mediated the anti-tumor effect of pre-diagnostic fever on breast cancer prognosis,
the underlying mechanism was still unclear because of the pleiotropy of cytokines. By exploring the mediation effect of
IL-8 that can be modified, we can better uncover the mediation mechanisms of IL-8. As shown in Table 4, IL-8 was
significantly associated with breast cancer progression only among the patients with low levels of IL12p70 (HR=1.42,
95% CI: 1.13-1.77), IL-2 (HR=1.62, 95% CI: 1.17-2.24) or IL-7 (HR=1.32, 95% CI: 1.05-1.65). In contrast, the
association of IL-8 with breast cancer progression was not statistically significant in patients with high levels of IL12p70,
IL-2 or IL-7 (all p values>0.05). The interactions between IL-8 and IL12p70, IL-2, or IL-7 were significant, with
Pinteraction Of 0.014, 0.033, 0.048, respectively.

Table 3 Mediation Analysis of IL-8 Expression Between Pre-
Diagnostic Fever and Breast Cancer Prognosis®

Cytokines ACME" ADE® Percentage (%)
B p B p

oS

IL-8 30.90 | 0.052 | 36.53 | 0.71 45.82

PFS

IL-8 2127 | 0.036 | 3223 | 0.67 39.76

Notes: Bold character indicates statistically significant result. *The analysis was
adjusted for HR, HER2, and clinical stage. "ACME, average causal mediation effect.
“ADE, average direct effect. ®Percentage describes the proportion of the effect of
fever on the prognosis mediated by IL8; Percentage=ACME/[ADE + ACME].

Table 4 Modification Analysis of Cytokines Between Pre-Diagnostic Fever/IL-8 and

Prognosis
Cytokines Pre-Diagnostic Fever IL-8
HR (95% CI) P for Interaction HR (95% CI) P for Interaction

IL12p70 0.026 0.014
<median 1.22 (0.72, 2.05) 1.42 (1.13, 1.77)

>median 0.55 (0.32, 0.93) 0.94 (0.74, 1.19)

IL-2 0.042 0.033
<median 1.11 (0.66, 1.88) 1.62 (1.17, 2.24)

>median 0.53 (0.31, 0.91) 1.03 (0.83, 1.27)

IL-7 0.062 0.048
<median 1.13 (0.66, 1.93) 1.32 (1.05, 1.65)

>median 0.60 (0.36, 1.01) 0.93 (0.73, 1.19)

Notes: Bold character indicates statistically significant result.
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We also observed that IL12p70, IL-2 and IL-7 modified the association between pre-diagnostic fever and overall
survival with pineraction 0f 0.026, 0.042, 0.062, respectively. In consistence, pre-diagnostic fever was associated with
favorable survival only among the patients with high IL12p70 (HR=0.55, 95% CI: 0.32-0.93), IL-2 (HR=0.53, 95% CI:
0.31-0.91) or IL-7 (HR=0.60, 95% CI: 0.36-1.01) levels.

Taken together, such results suggested that IL12p70, IL-2 and IL-7 might modify the mediation effects of IL-8 on the
association between infection-induced fever and breast cancer prognosis. The biological functions of IL-8 which can be

modified by IL12p70, IL-2, or IL-7 might be the critical mechanisms mediating the effects of infection-induced fever on
breast cancer prognosis.

Identification of the Biological Functions of IL-8 Underlying the Mediation Effect

We next analyzed the transcriptomic data from the TCGA database to investigate biological functions of different
cytokines on breast tumors. The enrichment of cytokine signaling was assessed as the surrogate of cytokines exposure.
Consistent with our result from GZBCS mentioned earlier in this paper, breast cancer patients with low IL-8 signaling
had better prognosis with marginal significance (p=0.08, Figure 3A). Moreover, the association between IL-8 signaling
and breast cancer prognosis was more pronounced among the patients with low levels of IL-2 signaling (p=0.01,
Figure 3B), IL-12 signaling (p<0.001, Figure 3C) or IL-7 signaling (»p=0.001, Figure 3D). In contrast, the association
between IL-8 and breast cancer prognosis did not reach statistical significance among patients with high levels of IL-2
signaling (p=0.15, Figure 3E), IL-12 signaling (p=0.17, Figure 3F) or IL-7 signaling (p=0.2, Figure 3G).

The biological functions of IL-8 exposure were revealed by the genes significantly correlated with IL-8 signaling.
Among these genes, those regulated by IL-2, IL-7 or IL12p70 in opposite directions might elucidate how the mediation
effect is modified and the enriched pathways should mediate the anti-tumor effects of infection-induced fever on breast
cancer prognosis.”® We identified 24 genes that were upregulated by IL-8 and downregulated by IL-2. These genes were
found to be enriched in 6 pathways, including extracellular matrix organization, neutrophil degranulation and ECM
proteoglycans. We also found 8 genes downregulated by IL-8 while upregulated by IL-2 and they were related to 16
pathways including transcription of E2F targets under negative control by p107 (RBL1) and p130 (RBL2) in complex
with HDACI, SMAD2/SMAD3:SMAD4 heterotrimer regulates transcription, and mitochondrial iron-sulfur cluster
biogenesis (Figure 4A and B; Supplementary Table 5).
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Figure 3 The prognostic implications of IL-8 downregulation are modified by IL-2, IL-7 and IL-12 in the TCGA-BRCA dataset. (A) A Kaplan-Meier curve showing survival

associated with IL-8 level in breast cancer patients. (B—G) Kaplan-Meier curves showing survival associated with IL-8 levels in breast cancer patients stratified by low or high
levels of IL-2, IL-12 or IL-7, respectively.
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Similarly, we found 51 genes upregulated by IL-8 while downregulated by IL-7, which were enriched in 26 pathways
including neutrophil degranulation, extracellular matrix organization and metabolism of carbohydrates. Besides, 46 genes
downregulated by IL-8 while upregulated by IL-7 were revealed, and 30 related downregulated pathways were enriched
including selenocysteine synthesis, peptide chain elongation and nonsense mediated decay independent of the exon
junction complex (Figure 4C and D; Supplementary Table 6).
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We also found that 1015 genes were upregulated by IL-8 while downregulated by IL-12p70. And these genes were
enriched in 67 pathways including asparagine N-linked glycosylation, organelle biogenesis and maintenance and class
I MHC mediated antigen processing and presentation. Similarly, 35 genes were downregulated by IL-8 while upregulated
by IL-12p70 and they were enriched in 203 downregulated pathways including activation of NF-kappaB in B cells,
signaling by ROBO receptors and mitotic G2-G2/M phases (Figure 4E and F; Supplementary Table 7).

We did not find any pathway that was upregulated by IL-8 and co-inhibited by IL-2, IL-12p70 and IL-7 (Figure 4G).
The pathways that were downregulated by IL-8 and co-stimulated by IL-2, IL-12p70 and IL-7 were not found neither
(Figure 4H).

Taking together, the key pathways that were upregulated by IL-8 while antagonized by IL-2, IL-7 or IL-12p70 were

revealed, including neutrophil degranulation, extracellular matrix organization and asparagine N-linked glycosylation.

27-30

These pathways have been reported to correlate with poor cancer prognosis, which provide a possible biological

explanation for our results.

Discussion
The current study suggests that pre-diagnostic fever is associated with improved breast cancer prognosis through the
downregulation of IL-8 levels. Furthermore, we found that IL-2, IL-12p70 and IL-7 antagonized the mediation effect of
IL-8. The biological pathways underlying cytokine interaction include neutrophil degranulation, extracellular matrix
organization and asparagine N-linked glycosylation, which may represent critical mechanisms by which infection-
induced fever exerts anti-tumor effects on breast cancer prognosis.

Previous investigations have reported a beneficial role for infection-induced fever in improving cancer patient

73132 with cytokines potentially playing significant roles.” It has been hypothesized that infection-induced fever

prognosis,
may improve breast cancer prognosis by inducing the production and release of pro-inflammatory cytokines to activate innate
and adaptive immunity.**> However, our study did not find evidence supporting cytokine upregulation or immune activation in
patients with a history of pre-diagnostic fever. This discrepancy may be attributed to prior studies measuring single nucleotide
polymorphism of cytokines rather than actual cytokine levels.”* In contrast, we observed significantly lower levels of several
inflammatory cytokines in patients with fever history, including IL-2>*** and IL-6.%° These findings suggest that evaluating
actual cytokine concentrations can provide new insights into the biological mechanisms mediating the anti-tumor effects
associated with infection-induced fever.

By systematically assessing the mediation effect among 27 cytokines, we determined that infection-induced fever might
enhance breast cancer prognosis through decreased levels of IL-8. This result is robust; sensitivity analyses indicated no
association between baseline IL-8 levels and post-diagnostic fevers—thus excluding potential reverse causation where low IL-
8 could increase susceptibility to febrile responses. Additionally, exploratory analyses showed that higher pre-diagnostic fever
frequency was associated with lower IL-8 level, indicating that IL-8 changes was possibly changed by fever. We also
demonstrated an association between reduced IL-8 signaling and improved breast cancer outcomes within TCGA database
analyses. Such results supported our hypothesis that infection-induced fever improves the breast cancer prognosis via
downregulating IL-8 levels.

Cytokines have been closely associated with cancer prognosis due to their extensive communication with the host
immune system and tumor microenvironment.'” The elevated level of IL-8 has been notably recognized as an unfavor-
able prognostic indicator in various cancers, which critically induces neutrophil migration,>’ degranulation®® and
neutrophil extracellular traps (NETs) formation.'® Specifically within breast cancer contexts, it has been shown that
increased expression of IL-8 promotes disease progression by facilitating enhanced invasion capabilities among malig-
nant cells alongside stem cell formation while also contributing to angiogenesis and distant metastasis development.***°
These results are consistent with our study. Furthermore, in clinical practice, other medical treatments may also influence
breast cancer outcomes through modulating cytokines, such as anesthetics used during cancer surgery.*'** Together,
these studies emphasize the importance of cytokine-targeted therapies in improving cancer outcome.

The pleiotropic nature of IL-8*%*

complicates elucidation regarding precise mechanisms through which it mediates
anti-tumor effects stemming from infection-related febrile responses. To further address this issue, we explored the

moderated mediation effect of IL-8. The biological functions of IL-8 that are modified by these cytokines should be the
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pivotal mechanisms underlying the anti-tumor effect of infection-induced fever. The rational was that certain biological
mechanisms of IL-8 mediated the effects of infection-induced fever on breast cancer prognosis, and the cytokines
modifying the mediation effects should influenced these mechanisms as well. Therefore, the biological pathways co-
regulated by IL-8 and the cytokines modifying the mediation effects should be the pivotal mechanisms underlying the
anti-tumor effects of infection-induced fever.

Our findings indicate that IL-2, IL-12p70 and IL-7 antagonize the mediation effects of IL-8, with biological pathways
such as neutrophil degranulation, extracellular matrix organization and asparagine N-linked glycosylation being impli-
cated. Consistent with prior studies, neutrophil degranulation emerges as a principal biological function of IL-8 that
contributes to poor cancer prognosis.”’ Notably, several granule proteins are released into the extracellular milieu during
neutrophil degranulation, which accelerates tumor progression by promoting angiogenesis or creating an immunosup-
pressive niche.”” These results support our strategy of investigating modifications in mediation effects to elucidate
underlying mechanisms.

In addition to neutrophil degranulation, our data suggest that infection-induced fever may enhance breast cancer prognosis
by downregulating IL-8 levels and mitigating its detrimental impacts on extracellular matrix organization and asparagine
N-linked glycosylation. Specifically, IL-8 stimulates the secretion of matrix metalloproteinases (MMPs) from neutrophils,
subsequently leading to extracellular matrix remodeling and tumor progression.”® Asparagine N-linked glycosylation has also
been reported to facilitate tumor progression through induction of proliferation, invasion and metastasis.”**° However, the
relationship between IL-8 and asparagine N-linked glycosylation remains unexplored; thus our findings provide preliminary
evidence warranting further investigation into the adverse effects of IL-8 on this process.

Based on our study, serum levels of IL-8, IL-2, IL-7 and IL-12 could serve as a combined biomarker with high
prognostic value, particularly in breast cancer patients with a pre-diagnostic infection-induced fever history. For instance,
a high level of IL-8 accompanied by concurrent low levels of IL-2, IL-7 and IL-12 might predict a worse breast cancer
outcome. Correspondingly, these patients are more likely to benefit from cytokine-based anti-cancer therapies, including
the administration of recombinant IL-2, IL-7 or IL-12, and IL-8-targeted antagonists or monoclonal antibodies. However,
in pre-clinical and clinical trials, cytokine-based monotherapies have demonstrated a relatively low response rate, a short
half-life and a high incidence of severe adverse events, which restrict their wide application. In contrast, combining
therapies with chemotherapy, radiotherapy, immune checkpoint inhibitors (ICIs) and chimeric antigen receptor (CAR)
therapies offer unique advantages over monotherapies in terms of safety, tolerance and efficacy, making them a promising
therapeutic modality for breast cancer treatment.'” In particular, it is promising to combine ICIs with IL-8-targeted
therapy for more optimal activation of cytotoxic T and NK cells while inhibition of immunosuppressive myeloid cells,
which helps overcome ICIs resistance and exploit the immune system.***

Some limitations should be acknowledged. First of all, infection-induced fever history was self-reported by breast cancer
patients via questionnaire, which inevitably caused a recall bias. However, patients recruited in this prospective cohort study
were unaware of the hypothesis, thus the results might get biased equally towards good or bad prognosis. Further studies
should use alternative data collection methods like medical records to explore the association between infection-induced
fever and breast cancer prognosis. Secondly, the factors that might influence cytokine levels were not fully considered in the
current study, which might cause confounding bias and made the association between infection-induced fever and cytokines
less convincing. However, these potential confounding factors might not substantially influence the cytokine levels and
would cause non-differential bias, reducing the confounding roles to some extent. Furthermore, we have conducted
sensitivity analyses to support that the cytokines changes were possibly caused by fever. Further studies considering
more confounding factors and in vitro or in vivo studies were needed to support that infection-induced fever caused these
cytokines changes. Thirdly, the sample size of the current study was not big enough, which limited the conduction of
several stratification analyses. For example, the mediation effect of IL-8 on the association of fever frequency and breast
cancer prognosis was not investigated. Also, the single cohort and single cancer design of the current study limited
generalization of the results. Further studies with larger sample size, multi-center and multi-cancer design should be
conducted to explore the relationships between fever, cytokines and cancer prognosis. Fourthly, the present study lacked
measurements of cytokines levels throughout follow-up periods of breast cancer patients. And we might overlook the
potential impact of cytokines that were not evaluated currently due to the limitation of the cytokine assay. The dynamic
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values and enlarged detection range of cytokines could provide a novel insight for exploring the mediation role of cytokines
on the association between infection-induced fever and breast cancer progression. Last but not least, the bioinformatics
analysis based on the mRNA sequencing data from TCGA database might be influenced by the discrepancies between
mRNA and protein levels due to post-transcriptional and translational regulation.*” Therefore, our findings regarding the
biological pathways require further validation at the protein level to enhance clinical reliability.

Conclusion

In conclusion, our study suggests that infection-induced fever improved breast cancer prognosis through decreasing IL-8
levels. We further demonstrate that the moderated mediation effect of IL-8 downregulation can be antagonized by IL-2,
IL12p70 and IL-7, emphasizing the significance of cytokine interactions in tumor progression. Besides, we propose the
critical biological pathways underlying cytokine modulation mechanism, including neutrophil degranulation, extracel-
lular matrix organization and asparagine N-linked glycosylation. These results inspire us to develop a combined
prognostic biomarker, as well as to develop novel cytokine-based therapies for breast cancer patients.
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