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Abstract 

Background Up to 17% of cancer survivors have been reported to develop second primary cancers (SPC), which 
cause significant physical and economic distress and often complicate clinical decision-making. However, under-
standing of SPC remains limited and superficial. Human leukocyte antigen (HLA) is characterized by its polymorphism 
and has been associated with various diseases. This study aims to explore the role of HLA diversity in SPC incidence.

Methods We analyzed a cohort of 47,550 cancer patients from the UK Biobank. SNP-derived HLA alleles were 
used and SPC-related HLA alleles were identified using logistic regression, followed by stepwise filtering based 
on the Akaike information criterion (AIC) and permutation tests. Additionally, we examined the association 
between extragenetic factors and the risk of SPC in patients carrying hazardous HLA alleles.

Results During a median follow-up of 3.11 years, a total of 2894 (6.09%) participants developed SPC. We identified 
three protective HLA alleles (DRB1*04:03 and DPA1*02:02 for males and DRB5*01:01 for females) and two hazardous 
alleles (A*26:01 for males and DPB1*11:01 for females) about SPC. The presence of the protective alleles was associ-
ated with a reduced SPC risk (males: hazard ratio [HR] 0.72, 95% confidence interval [CI] 0.59–0.89; females: HR 0.81, 
95% CI 0.70–0.93), while the hazardous alleles were linked to an increased risk (males: HR 1.27, 95% CI 1.03–1.56; 
females: HR 1.35, 95% CI 1.07–1.70). The hazardous allele A*26:01 indicated skin-lung organ-specific SPC occurrence in 
males. Animal fat and vitamin C were associated with SPC risk in males carrying the hazardous alleles, while free sugar 
and vegetable fat were linked to SPC risk in females.

Conclusions These results suggest that HLA alleles may serve as biomarkers for the susceptibility and organ-specific 
occurrence of SPC, while dietary modulation may mitigate hazardous alleles-related SPC risk, potentially aiding 
in the early prediction and prevention of SPC.
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Background
Due to great achievements in screening, diagnosis, and 
treatments, the survival of cancer patients has greatly 
improved. However, this encouraging trend has been 
faced by a new challenge, namely second primary cancers 
(SPC), which is known as a late effect of cancer [1]. SPC 
is generally defined as the occurrence of more than one 
cancer in the same individual, which has been reported 
in up to 17% of cancer survivors [2]. There is heteroge-
neity in the timing of SPC occurrence; the Surveillance 
Epidemiology and End Results (SEER) recommended 
discriminating metachronous SPC (the second cancer 
was diagnosed more than 2 months after the first cancer 
diagnosis) from synchronous one (the second cancer was 
diagnosed within 2 months of the first cancer diagnosis). 
SPC usually causes great physical and economic distress 
and often complicates clinical decision-making.  Moreo-
ver, patients with an SPC cancer history are generally 
excluded from most clinical trials, robbing their privilege 
for optimal treatments [2]. To date, our understanding of 
SPC has largely been limited to broad demographic anal-
yses. While these analyses are essential for comprehend-
ing SPC, there remain no clear methods or convenient 
tools for predicting or preventing the occurrence of SPC. 
Given the high incidence rate and significant risk of SPC, 
a deeper understanding is essential. There is a need for 
a comprehensive system that integrates accurate predic-
tion and intervention strategies to reduce the risk of SPC.

Human leukocyte antigen (HLA) is located on the 
short arm of human chromosome 6, representing the 
most sophisticated genetic system in the human genome. 
Decades of research on HLA have confirmed its domi-
nant role in human immunity, both protective and del-
eterious [3]. HLA is characterized by its polymorphism, 
manifesting as different HLA alleles. The HLA region on 
the short arm of chromosome 6 was divided into sev-
eral smaller regions, including the eleven regions in UK 
Biobank dataset (i.e., A, B, C, DRB1, DRB3, DRB4, DRB5, 
DQA1, DQB1, DPA1, DPB1) [3]. Interestingly, HLA 
alleles have been considered as key factors in under-
standing a wide range of diseases, including ankylos-
ing spondylitis, multiple sclerosis, and COVID-19, all of 
which share an immunological component [3–7]. Immu-
nity also plays a critical role in tumorigenesis and tumor 
development. A recent multi-cohort study also dem-
onstrated that the HLA allele HLA-A*03 could predict 
poor response to immune checkpoint blockade across 
several cancers, further supporting the potential role of 

different HLA alleles in cancer immunity [8]. Given the 
close relationship between HLA and cancer, it is logical 
to consider that HLA alleles may serve as a key factor 
in understanding SPC. The independent effect of a sin-
gle allele on immune and cancer-associated outcomes 
has been indicated in several studies [5, 9–11]. To avoid 
complexity and enhance future applicability, we focused 
on the association between SPC risk and individual HLA 
alleles rather than their combinations, aiming at linking 
genetics and immunity. Beyond inherited factors, grow-
ing evidence suggested that extragenetic risk factors, like 
metabolic and behavioral influences, could worsen the 
risk of cancer incidence and mortality [12]. However, the 
extent to which these extragenetic factors may offset the 
effects of hazardous HLA alleles remains largely under-
estimated. Targeting these extragenetic factors may miti-
gate the inherent limitations of genetic factors.

Based on this premise, we hypothesized that combin-
ing risk prediction through HLA alleles and interventions 
on extragenetic factors could together reduce the risk of 
SPC. To this end, we distinguished between protective 
and hazardous HLA alleles in a large prospective cohort 
in the UK, examined their ability to indicate organ-spe-
cific SPC occurrence, and identified extragenetic factors 
that might mitigate the detrimental effects of hazardous 
HLA alleles.

Methods
Cohort resources
The UK Biobank program is a large population-based 
prospective study, aiming to investigate the genetic and 
nongenetic determinants of health-related outcomes 
of people aged 40–69  years [13–15]. Recruitment of 
more than 500,000 participants was completed during 
2006–2010. Owing to the fine design and big effort, UK 
Biobank successfully surmounted data depth and data 
breadth, two common shortcomings of prospective stud-
ies, and therefore guaranteed a high quality of the data.

Participants of the study
The UK Biobank project offered health outcomes tracked 
by linking to disease registry databases from the UK 
National Health Service, including cancer registry [16]. 
Participants with inconsistent self-reported sex from 
genetic sex (n = 372), which may represent low-quality 
data, withdrawing consent (n = 158), and with cancer 
history before attendance (n = 23,803), which may con-
found baseline characteristics, were excluded, resulting 
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in 50,164 participants with cancer records after attend-
ance. Within cancer registry, “Type of cancer: ICD10” 
(Field ID: 40006) and “Behaviour of cancer tumor” (Field 
ID: 40012) were used to identify non-malignant tumors 
and metastatic tumors from primary malignant tumors. 
Malignant tumor was coded with “C,” while benign, 
in  situ, or uncertain behavior tumors were coded with 
“D” in ICD10. “Uncertain whether benign or malignant,” 
“Malignant, metastatic site,” and “Malignant, uncer-
tain whether primary or metastatic” were excluded in 
“Behavior of cancer tumor”. Non-malignant cancer, 
metastatic cancer, incomplete cancer or HLA informa-
tion were excluded (n = 2614), finally resulting in 47,550 
participants for further analyses. Our analysis focused on 
47,550 cancer patients who were initially diagnosed with 
cancer only after attendance.

Second primary cancer ascertainment in UK Biobank
The primary outcome of the study was the incidence of 
subsequent primary malignant tumors. Data was col-
lected from national cancer registries. Cancer-related 
data included cancer type, date, metastasis, and behavior. 
Cancer type was coded using The International Statisti-
cal Classification of Diseases and Related Health Prob-
lems 10th Revision (ICD10), within which malignant 
neoplasms were coded from C00 to C97. In our study, 
we excluded non-melanoma skin cancer (C44) and not-
well-defined primary or metastatic tumors (C76–C80) 
and included all other well-defined malignant primary 
tumors. SPC was defined as more than one cancer in the 
same individual. Precisely, in our study, we used ICD10 
top-level code to identify a cancer. A second cancer with 
non-metastatic indication and malignant nature and with 
different ICD codes from the first one was defined as 
SPC. The ending timepoint was Feb 29, 2020, for England 
and Wales and Jan 31, 2021, for Scotland.

HLA allele status ascertainment
The four-digit HLA data were from SNPs imputation data 
using the HLA*IMP:02 algorithm and available as a table 
of HLA*IMP:02 imputations in the “Genome” section of 
UK Biobank. Thus, HLA alleles represent genetic-level 
evidence. The value referred to the absolute posterior 
probability of the allele inference. We adopted the notes 
for researchers using 0.7 as a threshold to discriminate 
the presence from the absence of an HLA allele (< 0.7 for 
absence while ≥ 0.7 for presence). Additionally, to advert 
fortuity of the conclusion, only HLA alleles  with fre-
quency > 0.1% were included in the analysis. To explore 
the combinations, we adopted an empirical and rela-
tively liberal threshold of 1 and no other present alleles 
in the region to indicate the same two alleles in an indi-
vidual. Since the accuracy and call rates of the imputation 

algorithm were not 100% and the inference was based 
on a setting threshold, there would be missing alleles 
in several participants. Only individuals with complete 
imputation in all eleven regions were included in the 
combination analysis. Notably, for HLA-DRB3, -DRB4, 
and -DRB5 the allele “99:01” indicates that no allele is 
present, because these loci can have copy number 0. They 
were not included in the allele frequency description. A 
total of 364,677 participants had complete imputation at 
all eleven sites.

Screening of protective versus hazardous HLA alleles 
concerning SPC
We adopted the strategy below to screen the SPC-related 
protective and hazardous HLA alleles: (a) univariate 
logistic regression model was used to narrow the size of 
the candidate alleles with a relatively loose P value < 0.1; 
(b) both-direction stepwise process to optimize the 
model based on minimal Akaike information criterion 
(12,752 for males and 8928 for females), which indicates 
the current HLA alleles make the least “loss of message”; 
(c) significant HLA alleles were then sent to multivariable 
logistic regression. Alleles with a P value less than 0.05 
were selected. Additionally, we conducted a permutation 
test to evaluate whether the observed statistic is signifi-
cantly different from the expected value under random 
conditions by random permutation of samples. The per-
mutation test was implemented using “glmpermu” R 
package (version 0.0.1) with the seed set to “1234” for 
replicability, setting permutation times to 1000 as default. 
Final adjusted permutation P value after 1000 permuta-
tion times for included hazardous and protective alleles 
were reported (Additional file 1: Table S1). Alleles with a 
permutation P value less than 0.05 were considered SPC-
related hazardous or protective alleles, depending on 
the beta value from the multivariable logistic regression 
model.

The association between hazardous and protective alleles 
and SPC
Accumulative risks of SPC divided by per HLA allele 
status and gender were shown by cumulative risk curves 
and the log-rank test was applied for statistical analysis. 
The HLA status was set to binary variates that indicated 
the presence or not of hazardous or protective alleles. To 
adjust the heterogeneity of the real-world cohort with 
such a large sample size, we applied additional multivari-
able Cox regression models: (1) model 1 was adjusted for 
age and ethnicity; (2) model 2 was additionally adjusted 
for UK Biobank assessment center; (3) model 3 was addi-
tionally adjusted for Townsend Deprivation Index (TDI) 
which reflected the socioeconomic status. The hazard 
ratio (HR), 95% confidence interval (95% CI), and P value 
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were reported. R package “survival” (version 3.5–7) and 
“survminer” (version 0.4.9) were used.

Organ‑specific association between HLA alleles and SPC
Fisher’s exact test was used to investigate the contin-
gency between hazardous alleles and different first can-
cers in the context of several selected SPCs with a higher 
incidence than random background. The Benjamini and 
Hochberg adjustment was applied for multiple compari-
sons. Univariable logistic regression model was used to 
validate the relationship between A*26:01 and second 
lung cancer incidence with first skin cancer. Functions 
“fisher.test()” and “p.adjust()” from R package “stats” (ver-
sion 4.2.2) were used.

Potential interventions of extragenetic factors
The association between behavioral (smoking and alcohol 
drinking status, and physical activity), sociopsychological 
(depression, loneliness, and social isolation), and alimen-
tary fields (sugar, fat, protein, and vitamin intake) and 
SPC were analyzed. Smoking and alcohol drinking status 
was classified into “current” and “non-current” (never 
or previous). Depression was assessed using a two-item 
Patient Health Questionnaire (PHQ-2) at attendance. 
Participants were asked two questions about the fre-
quency of depressive feelings and anhedonia in the past 
2 weeks. Answers of “not at all,” “several days,” “more than 
half the days,” and “nearly every day” scored 0, 1, 2, and 
3 points, respectively. A PHQ-2 score ≥ 3 points is con-
sidered depression. Loneliness was assessed by inquiring 
about the feelings of loneliness (“yes” for 1 point while 
“no” for 0) and the frequency of confiding (more than 
once a month for 0 point while others for 1). A sum score 
of 2 indicated loneliness. Social isolation was assessed 
by inquiring about the household members (living alone 
for 1 point), frequency of visiting with friends or family 
(less than once a month for one point), and leisure activi-
ties attending (none for one point). Participants with a 
total score of more than two points were considered in 
social isolation status. Moderate physical activity > 675 
metabolic equivalents (MET) minutes per week and vig-
orous > 450 MET minutes per week was considered pref-
erable. An online follow-up program was held by UK 
Biobank, sending questionnaires to collect the dynamic 
diet changes. Nutrient intake was estimated based on 
24-h recall of the previous day. The average estimated 
intake was used to reflect the prolonged nutrient intake. 
To characterize the best intervention cut-point of poten-
tial nutrient intake, the best cutoff value calculated by 
the “survminer” R package was used for dichotomization 
to low and high groups (Additional file 2: Table S1). Cox 
proportional hazard model was used to test the associa-
tion of extragenetic factors with SPC. We first attempted 

the univariable Cox model, followed by multivariable Cox 
model including all variables with P < 0.1 in the univari-
able one. The hazard ratio (HR), 95% confidence interval 
(95% CI), and P value were reported.

Results
Study population from UK Biobank
A total of 47,550 participants of the UK Biobank program 
were included in analyses (Fig. 1). The sociodemographic 
characteristics of enrolled participants were shown in 
Additional file  3: Table  S1. During a median follow-
up of 3.11  years, 2894 (6.09%) participants developed 
second primary  cancers, among whom 1763 (60.92%) 
were males and 1131 (39.08%) were females. Males pos-
sessed a higher risk of SPC (HR 1.53, 95% CI 1.42–1.64; 
P < 0.0001), compared with females (Additional file 4: Fig. 
S1). Since SEER recommended discriminating metachro-
nous SPC (≥ 2  months) from synchronous one, a total 
of 2296 (79.34%) cases were classified into metachro-
nous group in the present cohort. The frequency of HLA 
alleles in the population was shown in Additional file 5: 
Table  S1. The most common HLA allele in the total 
population was DPA1*01:03. Interestingly, it was also 
more prevalent in individuals with cancers compared to 
those without cancers (adjusted P = 0.01 in males and 
P = 0.0006 in females) (Additional file  5: Table  S1 and 
Additional file  6: Tables S1–11). However, it could not 
differentiate SPC patients from non-SPC patients. The 
combinations of HLA alleles were divergent as expected, 
with totally 263,925 different HLA combinations under 
4-digit resolution (Additional file 7: Table S1).

Screening of SPC‑related protective and hazardous HLA 
alleles
To investigate the relationship between HLA alleles and 
SPC, univariate logistic regression followed by bidirec-
tional stepwise filtering was performed, yielding the 
selection of several alleles for multivariable model. Per-
mutation tests were subsequently applied to these alleles 
(Fig.  2A). The positive beta value in the model defined 
hazardous HLA alleles while the negative defined protec-
tive ones. Two protective alleles (DRB1*04:03, permuta-
tion P = 0.001 and DPA1*02:02, permutation P = 0.002) 
and one hazardous allele (A*26:01, permutation 
P = 0.031) of SPC were identified for males, while one 
protective allele (DRB5*01:01, permutation P < 0.0001) 
and one hazardous allele (DPB1*11:01, permutation 
P = 0.036) for females (Additional file  1: Table  S1). The 
frequency of the male hazardous allele A*26:01 was 
43.06‰ in cancer patients and 41.97‰ in those without 
cancer (adjusted P value = 0.93). Similarly, for the female 
hazardous allele DPB1*11:01, no significant difference 
was found between the cancer and cancer-free groups 
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(adjusted P value = 0.41). Similar results were observed 
for protective alleles, although DPA1*02:02 was more 
prevalent among cancer-free male participants (Addi-
tional file 6: Tables S1, S4, S5, S8, and S11). Overall, there 
were no significant differences between the cancer and 
cancer-free groups for most hazardous and protective 
alleles, suggesting that these alleles may be specific to 
SPC.

The capacity of the identified HLA alleles for SPC 
prediction was subsequently validated. The presence 
of protective alleles was associated with a lower risk of 
SPC compared to individuals without protective alleles 
for males (HR 0.72, 95% CI 0.59–0.89; P = 0.0019) and 
females (HR 0.81, 95% CI 0.70–0.93; P = 0.0029). Con-
versely, the presence of hazardous alleles was linked 
to an increased risk of SPC for males (HR 1.27, 95% CI 
1.03–1.56; P = 0.023) and females (HR 1.35, 95% CI 
1.07–1.70; P = 0.011), compared to those without these 

alleles (Fig.  2B and C). After adjusting several sociode-
mographic covariates, the estimates of hazardous and 
protective alleles on SPC were still plausible (Additional 
file  8: Fig. S1). Collectively, these findings demonstrate 
that HLA alleles are associated with the risk of SPC and 
can effectively stratify cancer patients into distinct SPC 
risk groups.

HLA alleles indicate organ‑specific occurrence 
of metachronous SPC
Metachronous SPC has a delayed onset which pro-
vides an opportunity for prediction and prevention. 
Therefore, we focused on patients whose second can-
cer developed more than 2  months after the first can-
cer diagnosis, aiming to identify the factors associated 
with metachronous incidence. Eleven and thirteen 
common cancers classified by affected organs were 
selected for organ-specific analysis for males and 

Fig. 1 Flowchart showing the enrollment process of participants. 478,103 participants were included after basic quality control process. 47,550 
cancer patients were finally enrolled for analyses based on certain conditions
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females, respectively (Fig.  3A and B and Additional 
file 9: Table S1). The SPC profile showed that prostate, 
breast, lung, hematopoietic, and colorectal cancers 
were the most susceptible second cancers in males and 
females. Although prostate and breast cancers were the 
most common first cancers in men and women, respec-
tively, their proportions significantly declined in second 
cancer diagnoses. In contrast, the incidence of second 

lung, urinary, hematopoietic, and pancreatic cancers 
increased notably compared to the initial diagnoses, 
regardless of gender (Fig.  3C and D). Taken together, 
these results suggested that metachronous SPC was not 
merely a result of random incidence. Rather, there may 
be some underlying factors driving the metachronous 
association that warrant further investigation.

Fig. 2 Screening of SPC-related protective and hazardous HLA alleles. A Schematic illustrating the screening process. More details could be 
found in the method section. Cumulative SPC incidence of B males and C females stratified by HLA alleles. Log-rank test was used for statistical 
analysis. Hazardous alleles: A*26:01 for males and DPB1*11:01 for females. Protective alleles: DRB1*04:03 and DPA1*02:02 for males and DRB5*01:01 
for females
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Fig. 3 Profile of the first and second cancers and organ-specific HLA indication. A–B Heatmap showing the distribution of subsequent cancers. 
C–D Bar plot showing the changes of constitute ratio in the subsequent setting versus the first setting. The value was presented as the percentage 
in the second setting minus that in the first. Chi-square test was used for statistical analysis. *P < 0.05, **P < 0.01, and ****P < 0.0001. E Frequency 
of A*26:01 in second lung cancer male patients divided by first cancer (skin versus others). The Fisher’s exact test was applied with BH multiple 
comparisons. F Schematic model indicating the role of A*26:01 in skin-to-lung organ-specific SPC incidence. Logistic regression was applied. G 
Frequency of second lung cancer in first skin cancer patients divided by A*26:01 status



Page 8 of 12Rong et al. BMC Medicine          (2024) 22:443 

Given that hazardous alleles could increase the risk of 
SPC and that certain SPCs exhibited higher incidence 
than expected by chance, we then investigated whether 
there were some associations between hazardous alleles 
and the first cancers that contributed to specific second 
cancers. To achieve this goal, we focused on cancers 
with second incidence rates exceeding the random back-
ground. Results showed that among male patients with 
second lung cancers, those with first skin cancer had a 
higher proportion of allele A*26:01 (adjusted P = 0.0057) 
(Fig.  3E). Furthermore, patients with first skin cancer 
showed a significantly stronger association with second 
lung cancer when carrying the A*26:01 allele (Fig.  3F). 
Additionally, the frequency of patients with first skin 
cancer developing second lung cancer was significantly 
higher among those carrying allele A*26:01 than those 
without it (P = 0.0193, Fig. 3G). These results implied that 
HLA allele A*26:01 could, at least partly, explain the skin-
to-lung organ-specific metachronous association.

A holistic system to minimize SPC hazard through genetic 
prediction and extragenetic intervention
Based on the above results, we could predict the SPC-
susceptible population using HLA alleles. Carriers of haz-
ardous HLA alleles are at a higher risk of developing SPC. 
In this seminar, we recommended that patients follow 
specific guideline to reduce their SPC risk, which is more 
frequent and precise medical examinations if hazard-
ous HLA alleles are detected, rather than relying solely 
on routine screenings. Additionally, various extragenetic 
factors have been implicated in cancer development. To 
investigate the factors influencing cancer patients’ risk of 
subsequent cancers, we analyzed data related to socio-
psychological, behavioral, and dietary aspects (Fig. 4A).

For male patients carrying hazardous HLA allele, 
higher animal fat intake was associated with an increased 
SPC risk (HR, 2.44, 95% CI 1.23–4.84; P = 0.01) while 
higher vitamin C intake correlated with a reduced SPC 
risk (HR, 0.41, 95% CI 0.2–0.84; P = 0.01) after mul-
tivariable adjustment. In female patients, sensitivity 
to free sugar and vegetable fat was noted. Higher free 
sugar intake was linked to an increased SPC risk (HR, 
2.32, 95% CI 1.04–5.18; P = 0.04) whereas higher vegeta-
ble fat intake was associated with a decreased SPC risk 
(HR, 0.35, 95% CI 0.15–0.80; P = 0.01) (Fig.  4B). These 
results reveal that there is heterogeneity in dietary sus-
ceptibility between male and female cancer patients 
carrying hazardous SPC-related HLA alleles. We also 
observed that male patients with hazardous alleles have 
lower level of lymphocyte count (P = 0.02), but higher 
level of peripheral neutrophil count (P = 0.05), mono-
cyte count (P = 0.003), and neutrophil–lymphocyte ratio 
(NLR) (P = 0.002), relative to those with protective alleles, 

whereas female patients with hazardous alleles have 
higher level of neutrophils count (P = 0.02) and eosino-
phils count (P = 0.003), relative to those with protective 
alleles (Additional file 10: Fig. S1).

Along with HLA prediction, parallel modifications to 
dietary patterns might contribute to a lower risk of SPC. 
A Mediterranean-like or Dietary Approaches to Stop 
Hypertension (DASH)-like pattern is recommended, 
emphasizing the reduction of animal fat intake and 
encouraging the use of vegetable oils. Furthermore, for 
females, minimizing free sugar intake is advisable. Taken 
together, we proposed an HLA-diet-oriented system that 
integrated genetic prediction with extragenetic inter-
vention to mitigate the risk of SPC, which might help to 
achieve the epidemiological goal of primary and second-
ary prevention of SPC (Fig. 5).

Discussion
In this large population-based prospective cohort study, 
we explored the relationship between SPC and both 
genetic HLA factors and extragenetic factors. We found 
that HLA alleles could predict the risk of SPC incidence. 
Further investigation into the intrinsic associations of 
metachronous SPC revealed that the hazardous HLA 
allele A*26:01 for males was associated with the organ-
specific incidence of first-skin and second-lung can-
cers. Analysis of extragenetic factors identified potential 
dietary interventions for those carrying hazardous HLA 
alleles. Together, these findings support the development 
of a conceptual HLA-diet-oriented model for the early 
detection and intervention of SPC.

We described the association between SPC risk and 
HLA alleles. Although SPC has been a heated but old 
topic, dating back to the year 1921, most previous studies 
were limited to the epidemiological field, lacking a deeper 
insight [1, 17–22]. HLA is a gene-level factor and different 
HLA alleles have been confirmed as susceptible factors of 
several diseases [3–7]. Classical HLA class I and II mole-
cules, coded by HLA-A, -B, -C and -DP, -DQ, -DR genes, 
mainly function vitally in the antigen peptides presenta-
tion to CD8 + T cells and CD4 + T cells, thereby yield-
ing an efficient response to fight against infection and 
malignancy while maintaining self-tolerance. A recent 
multi-cohort study regarding cancer immune checkpoint 
blockade mainly affecting T cells revealed that HLA-
A*03 predicted poor response to ICB [8]. HLA shares 
an immunological component with oncogenesis and 
therefore may lead to a potential opportunity to decipher 
SPC. Several studies demonstrated gender bias in the 
association between HLA alleles and diseases [23–26]. 
Likewise, the gender difference in physiology and can-
cer spectrum requires a separate discussion on the asso-
ciation between HLA and SPC. Indeed, we screened out 
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two protective and one hazardous HLA alleles for males, 
while one protective and one hazardous HLA alleles for 
females, whose capacity to predict SPC risk was further 
validated. It is believed that HLA-peptide-TCR interac-
tions are regulated by a set of perturbed rules, such as 
atypical docking, low-affinity peptide binding, stabiliza-
tion of weak peptide-HLA, and altered register [3]. These 
mechanisms may provide clues to give insights into SPC. 
Given that HLA is highly correlated with immunity, we 
also explore the association between peripheral immune 

cells and HLA alleles. Previous studies have indicated the 
unfavorable role of NLR on cancer incidence risk [27] 
and prognosis [28]. Higher monocyte count was reported 
associated with poor prognosis in several cancers [29–
32]. However, a favorable role of higher eosinophil counts 
on cancer immunity has been indicated in previous stud-
ies [33, 34]. Whether these differences can explain SPC 
risk through hazardous and protective alleles remains 
to be validated in larger prospective cohort studies and 

Fig. 4 Forest plot indicating the association between extragenetic factors and SPC. The association between extragenetic factors and SPC 
incidence estimated by A univariable and B multivariable Cox proportional hazard models. Reference group: physical activity (preferable); smoking 
and alcohol status (non-current); psychosocial (absence); sugar, fat, protein, and vitamin intake (low intake)
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mechanistic research. Therefore, these results should be 
interpreted with caution.

Compared with synchronous SPC, metachronous SPC 
is possible for clinical intervention. In this study, there 
were 223 male and 214 female SPC patients with more 
than two primary cancers. To investigate the intrinsic 
mystery and potential intervention strategies, we focused 
on metachronous SPC. International Association of Can-
cer Registries and International Agency for Research 
on Cancer (IACR/IARC) recommended a 6-month cut-
point to classify metachronous and synchronous SPC yet 
SEER recommended 2 months. We adopted the latter to 
magnify the representativeness of the population. In fact, 
the Siriraj Cancer Center cohort study showed that most 
of second cancers (70.87%) were diagnosed more than 
2 months after the initial cancer diagnosis, which aligned 
closely with our data (79.34%) [22]. Differences in the 
constituent ratio of cancer in the first and second settings 
implied that there may be some intrinsic association 
between the first and the second affected systems. In line 
with a prior study of a Thailand cohort, we also found a 
high metachronous association of prostate cancer with 
second colorectal cancers [22]. Remarkedly, one of our 
previously identified hazardous HLA alleles was found to 
indicate organ-specific SPC incidence, again inferring the 
denoting value of HLA polymorphism in diseases. This 
may be attributed to the immunopathology caused by 
opportune exposure of specific susceptible HLA alleles to 
specific microenvironments under multiple conditions.

To pursue convenient interventions for those with 
hazardous HLA alleles, we performed analyses between 
common extragenetic factors and SPC. Different dietary 
patterns were shown to be associated with SPC risk. 
Higher animal fat intake was associated with increased 
SPC risk in males, while higher vegetable fat intake was 
associated with decreased SPC risk in females. Besides, 
higher vitamin C intake reduced SPC risk in males. Such 

low-animal-fat and qualified-vegetable-fat diet resem-
bles Mediterranean Diet and DASH Diet. Mediterranean 
Diet advocates a high intake of food rich in vegetable fat 
but a low intake of red meat, producing fewer oxidative 
and inflammatory factors while positively influencing 
gut microbiota to support the immune system [35,  36]. 
Female patients also seemed to be more sensitive to free 
sugar. Sugar could be classified into free sugar and non-
free sugar; free sugar refers to all monosaccharides and 
disaccharides added to food as well as those naturally 
present in honey, syrups, and fruit juices [37]. Although 
WHO recommended less than 10% of the daily energy 
intake of free sugar and some studies did show lower 
free sugar intake correlated with a lower risk of certain 
cancers, there was still some antagonistic voice [38]. 
However, in our study, female patients carrying hazard-
ous HLA alleles were shown to benefit from lower free 
sugar intake against SPC, which, although, needs further 
validation.

It is noteworthy that our study has some strengths. 
First, the 47,550 cancer patients’ data was derived from 
a well-designed and well-managed prospective cohort, 
covering extensive information at all levels. Second, 
our results indicated a new approach to understanding 
SPC, which represented the essential genetic level evi-
dence. Finally, we proposed a novel model that integrated 
genetic and extragenetic factors to achieve the maximum 
reduction in SPC risk.

Nevertheless, we have to acknowledge several limita-
tions of our study. First, most of the ethnicity of partici-
pants is white, limiting the generalization of the results. 
Second, some possible factors that may affect SPC inci-
dence like different histological types, gene mutations, 
and treatments were not considered. Third, selection 
bias and recall bias are common in such programs, which 
may impair the authenticity of the result. Fourth, most 
of the extragenetic data were collected at attendance, 

Fig. 5 Schematic model illustrating the HLA-diet-oriented system with genetic prediction and extragenetic intervention against SPC
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which may not reflect the situation after the first diagno-
sis. Fifth, cancer diagnosis through a code-based way is 
of dampened precision. Sixth, allele status was produced 
based on the algorithm, so the extension of the conclu-
sion using other ways to test HLA requires attention. 
Finally, the study was designed as a single cohort, so the 
conclusions need to be interpreted carefully and further 
cohort studies are necessary to validate the conclusions.

Conclusions
In conclusion, our study indicates that certain HLA 
alleles are associated with SPC risk and some even pre-
dict organ-specific occurrence. Lower animal fat intake 
and higher vitamin C intake for males, as well as reduced 
free sugar intake and sufficient vegetable fat intake for 
females carrying hazardous HLA alleles, may help reduce 
their risk of second cancers. The HLA-diet-oriented pre-
diction and prevention model might help mitigate the 
public cancer challenge.
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