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Abstract

Immunity refers to the ability of the human immune system to resist pathogen infection. Immune system has the
basic functions of immune defense, immune self stabilization and immune surveillance. Balanced nutrition is the
cornerstone of the immune system to play its immune function, and nutritional intervention is also an important
means to maintain and improve immunity. Previous studies have confirmed that T cells have individual differences

in recognizing viral antigens of virus infected cells, and the body’s response to antigens is controlled by a variety of
genetic genes, such as human leukocyte antigen (HLA) genes, immune response (Ir) genes, etc. In this paper, through
immunity genetic testing, we screen out genetically susceptible people with low immunity and people with the risk
of nutrient metabolism disorders; through using lifestyle questionnaire and physical examination results, we analyze
people’s physical condition, dietary habits, and exercise habits to evaluate people’s nutrient deficiency degree. Then,
combining multi-dimensional health data, we evaluate users’'immune status and nutritional deficiency risk compre-
hensively, further, we implemented personalized nutrition intervention on the types and doses of nutritional sup-
plements to improve immunity. We also validated the effectiveness of our personalized nutrition solution through a

population-based cohort study.
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Introduction
Immune organs mainly include thymus, lymph nodes,
bone marrow, spleen and tonsil, which are the places
where immune cells are generated, matured and con-
centrated. Immune cells are cells involved in or related
to immune response, mainly including phagocytes and
lymphocytes (T lymphocytes, B lymphocytes), which
participate in cellular immunity and humoral immunity
through effector T cells and plasma cells, respectively.
Immune molecules, including cytokines, antibodies and
lysozymes, act a significant role in the occurrence, regu-
lation and effect of immune response.

Immune system mainly relies on three lines of defense
against the attack of pathogens: (1) skin and mucosa, (2)
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bactericidal substances in phagocytes and body fluids, (3)
immune organs and immune cells.

Individual immunity is affected by genetic factors.
The polymorphism of immunity related genes will affect
individual’s response to antigens, affect individual’s risk
of autoimmune diseases, and affect individual’s immune
surveillance function.

Over-nutrition or under-nutrition will also affect the
immune system to exert its immune function. Nutritional
balance is an important means to enhance immunity.
However, individuals have differences in nutrient diges-
tion, absorption, metabolism and so on.

To boost immune system effectively, we proposed a
personalized nutrition solution [1] based on individual’s
genetic, lifestyle, and physical examination data. “Bal-
anced nutrition and immune system” section explains
the relation between nutrition and immunity, “Immune
function and genes” section introduces how genes affect
immune function, “Personalized nutrition for bolstering
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immune system” section introduces our personalized
solution for boosting immune system, “Validation” sec-
tion validates the effectiveness of our model through a
population based cohort study, “Conclusions” section
concludes the paper and discusses our future research
topics.

Balanced nutrition and immune system

Immune system is the defense and monitoring system of
body and an important guarantee for survival and health.
However, immunity is a “double-edged sword’, too weak
will cause repeated infection, too strong will cause auto-
immune diseases.

Balanced nutrition is the cornerstone of immunity.
Many nutrients not only directly affect the function of
immune organs and participate in the differentiation
and maturation of immune cells, but also act a signifi-
cant role in immune regulation, cell proliferation and
anti-inflammatory.

At present, the diseases such as obesity, hyperlipi-
demia, diabetes and obese cancer, which pose the great-
est threat to health, have been proved to be inflammatory
and autoimmune diseases caused by over nutrition [2].
When over-nutrition reaches the limit of self storage, it
will stimulate cells, especially immune cells, to consume
the excess nutrition (causing infectious diseases or auto-
immune disease), inhibit continuous storage (causing
insulin resistance) and directly expel nutrition (causing
diabetes), or activate cell proliferation (causing hyperim-
munity or cancer occurrence and development), or con-
tinue to tolerate nutrition accumulation (causing obesity
or cardiovascular and cerebrovascular diseases) [3].

Lack of nutrition will affect the immune system to play
its immune function. For example, copper deficiency
can cause thymus atrophy and impaired antibody syn-
thesis. Iron deficiency can lead to anemia, leukopenia
and reduced bactericidal capacity, inhibit antibody pro-
duction, and reduce the response to infection. Zinc defi-
ciency or excess will lead to immune deficiency, reduce
white blood cells and lymphocytes; zinc supplementation
can shorten the course of disease, reduce symptoms and
significantly improve immune function. Vitamin A defi-
ciency will weaken antibody response and mucosal bar-
rier function. Vitamin C supplementation can enhance
the function of epithelial barrier, enhance the function
of phagocytes, and promote the production of antibod-
ies. Vitamin E supplementation can improve the division
speed of T cells and B cells.

Therefore, supplementing balanced nutrition is essen-
tial for strengthening immune system.
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Immune function and genes

Lots of genes are connected with human immune system.
For instance, the human leukocyte antigen (HLA) genes
have the function of antigen presentation, participate in
the activation and differentiation of T cells, participate
in the regulation of immune response, and participate
in antigen processing. The polymorphism of these genes
determines the different immune responses of individu-
als to the same antigen.

HLA genes are closely related to the susceptibility
to a variety of autoimmune diseases [4, 5]. HLA-DR3 is
associated with myasthenia gravis, systemic lupus ery-
thematosus, exophthalmos goiter, and type 1 diabetes;
HLA-DR2 is associated with pulmonary hemorrhagic
nephritis syndrome and multiple sclerosis; HLA-DRS5 is
associated with hashimoto thyroiditis.

As an immune modulator, vitamin D is associated with
the occurrence of a variety of autoimmune diseases [6],
such as systemic lupus erythematosus, multiple scle-
rosis and type 1 diabetes [7]. Vitamin D deficiency can
also lead to a significantly increased risk of autoimmune
thyroid disease (AITD), and supplementing vitamin D
can reduce its incidence rate. VDR gene’s polymorphism
changes the structure and quantity of VDR through gene
regulation, and then affects the biological function of
VDR, indicating that VDR gene’s polymorphism is asso-
ciated with the genetic susceptibility of AITD [8, 9].

Vitamin A is an important fat soluble vitamin, which
acts a significant role in cell differentiation, proliferation,
immune function, eye function and reproductive func-
tion [10]. According to the WHO survey [11], there are
about 100 million preschool children worldwide who are
vitamin A deficient, of which more than 30 million chil-
dren show clinical symptoms, which are mainly related to
immune response, such as respiratory infection and low
immunity. Vitamin A supplementation can improve chil-
dren’s immune function [12, 13].

Individuals with BCMO1 gene’s mutations have low
plasma vitamin A level and are prone to vitamin A defi-
ciency (VAD) [14]. VAD limits the function of innate
cells to phagocytize pathogens and activate natural killer
T cells to exert immune regulation, affecting the immune
function of respiratory mucosa. VAD interferes with the
proliferation and maturation of epithelial cells, induces
keratinization of epithelial cells, inhibits the secretion
of secretory immunoglobulin A (sIgA) from respiratory
mucosa, and affects humoral immune function [15].

Personalized nutrition for bolstering immune
system

Immunity DNA testing

To evaluate individual’s genetic risk of low immunity
and nutrient metabolism disorders, we implemented a
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genetic testing service for immunity. Through collect-
ing individual’s saliva, our laboratory extracts DNA and
sequences the DNA, then we analyze the DNA data using
bioinformatic pipelines, finally we use genetic interpre-
tation database to interpret the DNA data. Figure 1 is
the homepage of the strengthen immunity DNA testing
report. In Fig. 1 left, the “Testing Results Radar Chart”
part uses a radar chart to demonstrate the immune
capacity of an individual; correspondingly, the “Testing
Results Five Dimensional Summarization” part summa-
rizes the testing results. Figure 1 middle and right, list the
five genetic testing categories:

+ Anti-infection ability, contains the DNA testing items
of: Influenza A virus infection, chronic sinus infec-
tion, Staphylococcus aureus infection, urinary tract
infection, and yeast infection.

For example, chronic sinusitis infection is a common
nasal disease, which can lead to chronic sinusitis and
cause great trouble to patients. Chronic sinusitis is a
chronic suppurative inflammation of the paranasal
sinuses, often involves multiple paranasal sinuses at
the same time. Chronic sinusitis affects the quality of
life of patients, aggravates the respiratory tract infec-
tion symptoms of patients, and in severe cases, may
cause cranioocular pulmonary complications, lead-
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ing to visual changes, and even death due to aggra-
vated infection.

The coding product of AFF3 gene is a tissue restricted
nuclear  transcription activator  preferentially
expressed in lymphoid tissue, which may play a
role in lymphoid development and tumorigenesis.
Genome wide association studies (GWAS) indicated
that the polymorphism of the AFF3 gene would affect
the susceptibility of individuals to chronic sinus
infection [5].

« Antibody response level, contains the DNA testing
items of: IgG level after Chlamydia pneumonia infec-
tion, the level of IgG after human herpesvirus 8 infec-
tion, cytomegalovirus (CMV) antibody response, and
thyroid peroxidase antibody level.

For example, CMV can cause congenital infec-
tion. People with low immunity, such as tumors,
organ transplantation, AIDS, etc., can cause latent
CMV activation, leading to serious CMV infection
throughout the body, manifested as interstitial pneu-
monia, hepatitis, and can lead to death.

The encoding product of AGBLI gene is glutamic acid
decarboxylase, research has shown that the polymor-
phism of the AGBLI gene is closely connected to the
antibody response of CMV [16].

10:22 il = - 10:22 il = - 10:22 il = -
X RRDIRFAERIEN X RRNIRFAZEREN X BN RAZEG
) FRsnass Autoimmune; E BB PRI
IS Disease Risk
Testing Results
Radar Chart B 1B REmR 7S BEREMRRE
BN AAEE @
1 LB ETERERR 4 Anti-infection
Ability
g PR B R4
o, Rikmi @ ot
HUBRIER Ba%E Risk of P
Testing Results HRn Common V
” i kol Infectious @ ERERRE
BEETLRRERRNEE, SERATER Five 4
HAGBSAR, 3IRERE, THHMHR Dimensional Diseases
B, BORGLE .
. Summarization EEs
HEBRENTE, FE R, 5 poy
RIFRER, HEBR =, 15 :
Fiziwl R S Antibody
D) R 4
SRS KTRE, AERROSFN, [ Y RREMALBREIGCKT Response Level
16, FREREARFRE, TMEER
%, EHAKEE
FRBRALEARRDE, SREAET AEBRESRARIGAT HERDERBR
B, SERLFERAER, THRBREN .
ERE, BLREHTR Nutritional
MEERERWENTE, THENRER gh  EHRRENARN Requirements p—
B, BHSWERE, BLESRRZSK 6 *  HERAEFHR
SRR
- Ry
' ERBRT EAEB M IA K TE P
BERAR BERAR BRAR
Fig. 1 The screen shots of the homepage of the strengthen immunity DNA testing report
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+ Autoimmune disease risk, contains the DNA testing
items of: autoimmune thyroid disease, and autoim-
mune diabetes mellitus.

For example, thyroid gland is an important endocrine
organ of human body. It can appear some autoim-
mune diseases under the influence of autoimmunity.
Patients with autoimmune thyroid disease can have
other autoimmune diseases at the same time or suc-
cessively, such as myasthenia gravis, type 1 diabetes,
pernicious anemia, atrophic gastritis, etc.

BACH?2 is a protein coding gene, BACH?2 affects the
diseases of immunodeficiency, chronic myeloid leu-
kemia and etc. Research indicated that the polymor-
phism of the BACH2 gene has close connection with
the susceptibility to autoimmune thyroid disease.
Individuals carrying the A allele at the key locus of
this gene have a higher risk of autoimmune thyroid
disease [17].

« Risk of common infectious diseases, contains the DNA
testing items of: epidemic parotitis, streptococcal
pharyngitis, and Herpes labialis.

For example, epidemic parotitis/mumps is a common
respiratory infectious disease in children and adoles-
cents. It is an acute and systemic infection caused by
mumps virus. After infection with mumps, fever and
headache will appear, and then the parotid glands
centered on the earlobes on one or both sides will
swell, the face will swell and ache, and the pain will
intensify when eating, making it difficult to open
mouth.

HLA-A belongs to HLA class I heavy chain analogues,
which are composed of heavy chains and light chains
(8-2 microglobulin). Research has shown that the
HLA-A gene is connected to mumps. Individuals car-
rying the C allele of the key locus of this gene have
weak immunity and high susceptibility to mumps [5].

+ Nutritional requirement, contains the DNA testing
items of: vitamin A, vitamin D, vitamin E, vitamin
C, vitamin By, folic acid, magnesium, iron, zinc, sele-
nium, DHA.

For example, iron is one of the essential elements of
human physiological metabolism and an important
component of hemoglobin and many enzymes. Iron
is involved in maintaining normal immune func-
tion, participating in the production of antibodies,
and increasing the phagocytosis of neutrophils and
phagocytes. Iron deficiency will increase the chance
of infection, reduce the bactericidal capacity of leu-
kocytes, and damage the function of lymphocytes.
Excessive iron will promote bacterial growth, which
is unfavorable to the resistance to bacterial infection.

The encoding product of TMPRSS6 gene is membrane-
bound serine protease, which can inhibit the expres-
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sion of ferritin. Research showed that the TMPRSS6
gene’s polymorphism has connection with iron defi-
ciency anemia and affects the content of hemoglobin
and ferritin [18].

Click the genetic testing item name in Fig. 1 middle
or right, a second level page will pop out as described in
Fig. 2. In Fig. 2 left, the “Testing Result and Explanations”
module gives the testing result, explanation and sugges-
tions (e.g., the testing result of “Chronic Sinus Infection”
is medium); the “Item Introduction” module introduces
the association between the testing item and the immune
system; the “Testing Loci” module gives the genotypes
of the tested gene loci. In Fig. 2 right, the “Scientific Evi-
dences” module explains the connections between the
tested genes and immunity; the “Lifestyle (Preventive)
Guidelines” module provides lifestyle suggestions to
prevent the happening of diseases; the “Scientific Refer-
ences” module makes a list of the published scientific and
clinical papers.

Physical examination data

Physical examination generally includes but not limited
to the test items of: chemistry panel, blood pressure,
complete blood count, heart rate, urinalysis, respiration
rate, throat, sinuses, eyes, lymph nodes, thyroid, and etc.

To understand the current physical condition and rel-
evant indicators of individuals, we combine individual’s
physical examination result into our personalized nutri-
tion data model. Individuals can upload their physical
examination report in PDF format to our online system
or fill their physical examination result to our online
form, then our system will extract the required test items
to our data model. Figure 3 is the physical examination
report accessed in mobile phone. In Fig. 3 left, the “Key
Attention Items and Explanations” module summarizes
the items that should pay attention, the “General Exami-
nation Items” module lists the general examination items
(such as body mass index (BMI), systolic blood pressure
(SBP), etc.) and their results. In Fig. 3 right, the “Bio-
chemical Tests” module gives the biochemical tests items
(such as triglyceride level, total cholesterol level, etc.) and
their results.

Click the physical examination item name in Fig. 3, a
second level page will pop out as shown in Fig. 4. In Fig. 4
left, the “Testing Result” module gives an item’s testing
result (e.g., the “Total Cholesterol” level is medium); the
“Trend Chart” lists the indicators of the test items in dif-
ferent periods. In Fig. 4 middle, the “Friendly Reminder”
module provides some friendly health reminders and
explains how total cholesterol affects health; the “Intro-
duction” module explains the test item in details (for
example, explains what is total cholesterol and the factors
affecting total cholesterol); the “Matters Need Attention”
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association and HLA region fine-mapping studies
identify susceptibility loci for multiple common
infections[J].Nat Commun,2017,8(1):599.

module provides the matters that need to pay attention.
In Fig. 4 right, the “Diagnosis Evidences” module explains
the test item’s diagnosis evidences; the “Scientific Refer-
ences” module lists the reference papers.

Lifestyle evaluation

Balanced nutrition supplementation is necessary for a
healthy immune system. Additionally, other factores
such as appropriate sport and adequate sleep also benefit
immune system. We developed an online food frequency
questionnaires [19] to assess individual’s lifestyle includ-
ing diet, sleeping, sports, medical history and etc. The
online food frequency questionnaires can be accessed
and answered from computer or mobile phone conveni-
ently, and the questions are dynamic that the latter ques-
tion will be different based on individual’s answer to the
previous question.

Boosting the immune system
Combining DNA testing, physical examination, and life-
style evaluation results together, we developed a data

model to compute personalized nutrition solutions for
boosting the immune system.

Figure 5 is the homepage of a personalized nutrition
solution. In Fig. 5 left, the “Nutrition Facts” module lists
the nutrition facts tailored for each individual. In Fig. 5
middle, the “Core Nutrients Requirement for Supple-
mentation” module lists the nutrients tailored for sup-
plementation to boost immunity. Click the nutrient
name, more information concerning the nutrient will
be shown in Fig. 5 right, in which, the “Nutrient Name”
part explains why should supplement the nutrient (such
as magnesium); the “Immune Functions” part describes
how the nutrient affects immune system; the “Evaluation
and Suggestions” part, demonstrates the immune capac-
ity evaluation evidences based on DNA testing, physical
examination, and lifestyle evaluation results; the “Food
Sources” part suggests the foods that are rich in the cor-
responding nutrient (such as hickory contains 306mg
magnesium per 100g edible part).

We need to emphasize that a daily balanced diet
includes ensuring that each meal contains carbohydrates,
protein, fat, fiber, and it is not recommended to eat only
meat or only vegetables at each meal, is the cornerstone
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of maintaining good health. Therefore, when it is found
that an individual is prone to deficiencies in certain
nutrients through testing and assessment, we give those
foods rich in certain nutrients in the “Food Sources” in
the Personalized Nutrition report (in Fig. 5 right), so that
individual can supplement nutrients through the cor-
responding foods. But even so, affected by geography,
eating habits, lifestyle and other factors, some foods can
not be obtained reliable, some foods cannot be guaran-
teed to be eaten enough every day, which will lead to the
deficiency of some nutrients, so we need to supplement
the lacked nutrients through dietary supplements. Com-
pared with the traditional one size fits all solution, per-
sonalized supplements can better meet the health needs
of individuals.

Relying on the personalized nutrition solution for
boosting immune system, individual can place order for
tailored daily nutrition box, then our intelligent nutrition
production plant will produce personalized nutrition box
for each individual.

Validation

We collaborated with a physical examination center to
evaluate the effectiveness of our personalized nutrition
solution. The evaluation was aimed to validate the per-
sonalized vitamin D supplementation solutions based on

genetic testing, metabolism and lifestyles, were benefi-
cial to reduce the risk of vitamin D deficiency for people.
Serum 25 hydroxyvitamin D (25(OH)D) concentration is
clinically used as a marker of vitamin D status.

Study population

The validation was conducted at a health checkup center,
in Fujian Province, China. We recruited 90 adults (aged
22-76 years); pregnant women, lactating women and
individuals with severe chronic diseases (e.g., cardiovas-
cular disease, diabetes) were excluded for safety consid-
eration, but people who were overweight or obese were
allowed to participate. Participants need to be able to fill
out questionnaires online using mobile phones.

The characteristics of the 90 participants are described
in Table 1, from which we can see that, the partici-
pants’ mean baseline serum 25(OH)D concentration
is 42.1 £+ 14.9 nmol/L, 66.7% of the participants had
vitamin D deficiency (serum 25(OH)D concentration
< 50 nmol/L). There was nearly no difference in the
rate of vitamin D deficiency between men and women
(64.7% vs. 67.8%, P = 0.764); the mean concentration of
serum 25(OH)D between men and women was differ-
ent, but the difference was not significant (45.9 nmol/L
vs. 38.9 nmol/L, P = 0.0766). Other parameters, such as
body mass index (BMI), systolic blood pressure (SBP),
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Table 1 The descriptive characteristics of the participants
at first visit

Female Male All
Number 56 34 90
Age (years) 413 (23-76) 433 (22-74) 42.0(22-76)
BMI (kg/mz) 222429 252 4+30 233432
SBP (mmHg) 1157 £123 1244+£116 11894127
DBP (mmHg) 749 £80 692+ 86 712 £86
Serum TG (mmol/L) 105+£051 190+1.03 1374085
Serum TC (mmol/L) 476 £096 5024105 4883+1.00
Serum LDL-C (mmol/L) 288+087 3324089 3.06+0.90
Serum HDL-C (mmol/L) 160+£028 1224025 1464032
Serum homocysteine (mol/L) 840+ 193 11.234+301 951+278
Serum 25(0OH)D (nmol/L) 3894155 4594133 4214149
Serum 25(0OH)D < 50 nmol/L  67.8 (38) 64.7 (22) 66.7 (60)
Current smoker 0 441 (15) 16.7 (15)
Drinking frequency > 1 232 (13) 73.5 (25) 42.2(38)

times/week

Physical activity > 3 times/ 7.1 (4) 23.5(8) 13.3(12)

week

Values are means (range), means =+ SD, or % (n)

BMI body mass index, SBP, systolic blood pressure, DBP diastolic blood pressure,
TG total triglyceride, TC total cholesterol, LDL-C low density lipoprotein
cholesterol, HDL-C high density lipoprotein cholesterol

diastolic blood pressure (DBP), total triglyceride (TG),
total cholesterol (TC), low density lipoprotein cholesterol
(LDL-C), high density lipoprotein cholesterol (HDL-
C), homocysteine, proportion of smokers, frequency of
drinking, number of physical activities, were significantly
different between men and women.

Please note that in this validation, we mainly verified
the influence of three main factors, namely gene, diet
and serum 25(OH)D level, on vitamin D supplementa-
tion. The participants selected in the study are generally
healthy people, so the other baseline data in Table 1 are
intended to include/exclude participants.

Follow-up plan

After introduction and training, all the participants
signed the informed consent form for personalized nutri-
tion validation, then:

Table 2 Follow-up plan in the study
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« each participant collected 2 mL saliva used for genetic
testing;

« each participant filled in food frequency questionnaires
on-line;

« the nurses collected the participants’ upper arm venous
blood (5 mL + 5 mL) for routine blood tests (includ-
ing total triglyceride, total cholesterol, homocysteine,
low-density lipoprotein cholesterol, high-density
lipoprotein cholesterol, etc.), and serum 25(OH)D
concentration test;

« the nurses took physical measurements of the partici-
pants, including weight, systolic blood pressure, dias-
tolic blood pressure, and etc. (Table 2).

Genes and serum 25(OH)D concentration

According to some of the published genes that have a
greater impact on serum 25(OH)D concentration, we
analyzed the association between different genotypes
of these genes and their serum 25(OH)D concentra-
tion (see Table 3). Among them, different genotypes of
CYP2R1 (rs10741657) and GC (rs7041) have a greater
impact on serum 25(OH)D concentration, although the
difference is not significant (P values are 0.249 and 0.168,
respectively).

GRS and serum 25(0OH)D concentration

The loci rs10741657 and rs7041 were included in the
genetic risk score (GRS) for predicting serum 25(OH)D
concentration, in our study, the GRS was the sum of the
number of risk alleles for the SNPs rs10741657 (G allele,
major allele) and rs7041 (A allele, major allele) (range:
0—4). The more risk alleles the participants carried, the
higher the score. In our study, individuals with 0-2 risk
alleles (GRS 0-2) were assigned to the low-risk group of
vitamin D deficiency, and individuals with 3—4 risk alleles
(GRS 3-4) were assigned to the high-risk group of vita-
min D deficiency. The serum 25(OH)D concentration in
the high-risk group was 5.1 nmol/L lower than that in the
low-risk group (95% CI — 1.8, 12.0, P = 0.147), but the
difference was not significant. The risk of vitamin D defi-
ciency in the high-risk group was 1.77 times higher than
that in the low-risk group (OR = 1.77, 95% CI 0.63, 4.97,
P = 0.294) (Table 4).

Follow-up plan First visit Nutrition intervention Second visit Third visit
Study progress Sample collection and testing Personalized nutrition inter- ~ Sample collection and testing Sample col-
vention lection and
testing
Timeline Day 0 Day 30 Day 60 Day 90
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Table 3 Association between individual locus and serum 25(OH)D concentration

Gene Locus Genotype Serum 25(OH)D (nmol/L) P value Percentage of
25(0OH)D < 50
nmol/L

CYP2R1 rs10741657 AA 494 4+158 0.249 66.7

AG 416+£15.1 77.1

GG 414 +£15.1 73.0

CYP27B1 1s4646536 GG 428 £80 0.942 73.7
AG 418+ 155 735

AA 4234158 833

GC rs7041 CcC 48.6 £ 28.1 0.168 76.9
AC 40.2 + 145 80.0

AA 426+ 164 588

rs1155563 T 437 £159 0.695 50.0

cT 4154155 80.6

CcC 408 £13.0 732

NADSYN1 157944926 AA 451+ 142 0.711 769
AG 375+ 142 80.0

GG 470+£16.2 588

r1s3829251 AA 454+54 0.815 833

GA 39.7 £ 146 80.0

GG 438 +£16.5 67.6

P value is the probability of t test of serum 25(OH)D concentration of low-risk homozygotes and high-risk homozygotes of a gene

Table 4 Association between GRS and serum 25(0OH)D con-
centration

Risk level GRSscore Serum Percentage of P value
25(0H)D 25(0OH)D < 50
(nmol/L) nmol/L
Low risk 0-2 453+ 136 67.8 0.147
High risk 3-4 402 +£154 788

Cl confidence Interval, OR odds ratio

Effects of personalized vitamin D supplementation
Relying on the participants’ GRS, physical examination
and food frequency questionnaire data, we developed a
personalized vitamin D supplementation program. After
3 months of personalized nutritional intervention, the
participants’ serum 25(OH)D concentration increased
from 42.1 to 56.3 nmol/L, with an average increase of
14.2 nmol/L (95% CI 8.4, 23.5, P < 0.0001) (see Table 5).
By analyzing the supplementation effects with differ-
ent vitamin D supplementation doses for the participants

Table 5 Association between personalized vitamin D supplementation effects and genotypes/GRS

Locus or GRS Genotype or  Vitamin D supple- Serum 25(OH)D (nmol/L) Difference after supple- P value
GRS score mentation (ug) mentation (95% Cl)
Pre-supplementation Post-supplementation
Total 596 £222 421 +149 563+ 139 .2(84,235) < 0.0001
rs10741657 AA 586+ 161 5154246 519+189 —0.3(—49.9,494) 0.9871
AG 6.17 £ 256 3854148 5934149 20.8(10.1,31.5) 0.0004
GG 559+ 1.79 40.0+£13.0 532+£120 132(2.1,243) 0.0224
rs7041 CcC 3.36 +0.03 50.1£30 69.8 +9.6 19.7 (— 10.8,50.2) 0.1091
AC 6.40+£292 4104+ 145 577£110 16.7 (5.8, 27.6) 0.0043
AA 6.04 £ 1.65 387+ 164 536+ 16 14.9 (3.8, 26.7) 0.0145
GRS 0-2 564 4+ 2.68 454+ 156 5024122 13.8(2.5,25.2) 0.0193
3-4 625+177 365+ 139 541+£154 17.6(7.3,27.8) 0.0014
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with different genotypes and GRS, the results showed
that for different genotypes at rs10741657 locus, the par-
ticipants with low-risk homozygous (AA genotype) have
no significant difference in the change of serum 25(OH)D
concentration after supplementation, the serum 25(OH)
D concentration of the participants with high-risk
homozygous (GG genotype) increased significantly after
supplementation (P < 0.05).

The average supplementation dose of vitamin D of
different genotypes at rs7041 locus was different (CC
genotype 3.36 pug vs. AA genotype 6.04 pug). The serum
25(OH)D concentration of low-risk homozygotes (CC
genotype) increased after supplementation, but the dif-
ference was not significant (P = 0.1091). The serum
25(OH)D concentration of high-risk homozygotes (GG
genotype) increased significantly after supplementation
(P < 0.05). There was a difference in vitamin D supple-
mentation dose between GRS low-risk group and high-
risk group (5.64 pg vs. 6.25 pg). The concentration of
serum 25(OH)D increased significantly after supplemen-
tation (P < 0.05).

The participants were separated into three groups
according to the baseline serum 25(OH)D concentra-
tion. By analyzing the supplementation effects with
different vitamin D supplementation doses for the par-
ticipants with different baseline vitamin D status, the
results showed that, the mean baseline serum 25(OH)D
concentration of the participants in lower tertile was only
24.4 nmol/L, which was 41.4% of the participants (59.0
nmol/L) in upper tertile. The mean vitamin D supple-
mentation doses for the participants in the lower tertile
and upper tertile were 6.92 pg and 5.16 pg, respectively.
After supplementation, the mean serum 25(OH)D con-
centration of the participants in lower tertile reached
51.9 nmol/L, increased 113%; The mean serum 25(OH)D
concentration of the participants in upper tertile reached
64.6 nmol/L, increased 9.5% (see Table 6).

66.7% of the participants’ baseline serum 25(OH)
D concentrations were less than 50.0 nmol/L. After
3 months of supplementation, the proportion of par-
ticipants with serum 25(OH)D concentration less than
50.0 nmol/L decreased to 35.3%. In particular, for the
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Fig. 6 Baseline serum 25(0OH)D status before (first visit) and after (sec-
ond visit and third visit) personalized nutrition supplementation

participants in the lower tertile of baseline vitamin D
(all with vitamin D deficiency), after personalized sup-
plementation, their average serum 25(OH)D concen-
tration reached 51.9 nmol/L, the vitamin D deficiency
rate decreased 37.5%. From Fig. 6, we can see that, after
personalized supplementation, the serum 25(OH)D con-
centration of all the participants was > 30.0 nmol/L; and
after personalized vitamin D supplementation, the vari-
ability of serum 25(OH)D concentration among individu-
als decreased.

Discussion

This study’s purpose was to verify the procedure and
effects of our personalized nutrition intervention. Our
study population came from the southeast coastal cities
in China, including three study follow-up visits of 90 par-
ticipants within 4 months. The small size of samples may
lead to the failure to show the association between some
SNPs and serum 25(OH)D concentration. Although there
are differences between different genotypes and 25(OH)
D concentration, they are not significant. In addition,
the short follow-up time made it difficult to evaluate the
personalized nutrition intervention’s long-term effect.
There are differences in the personalized supplementa-
tion doses of vitamin D, however, the difference is not

Table 6 Association between personalized vitamin D supplementation effects and baseline serum 25(0OH)D concentra-

tion
Baseline tertile (nmol/L) Vitamin D supple-  Serum 25(OH)D (nmol/L) Difference after supple- P value
mentation (pg) mentation (95% Cl)
Pre-supplementation Post-supplementation

Total 596 +2.22 42.1£149 563+ 139 14.2(84,23.5) < 0.0001
Lower tertile (< 30) 6.92 +2.30 244+£54 51.9+187 274(12.8/42.2) 0.0013
Middle tertile (30-50) 575+ 1.75 432+£55 585+ 110 153 (6.0,24.6) 0.0034
Upper tertile (= 50) 5.16 £ 2.60 59.0£82 64.6 85 55(—3.5145) 0.2086
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significant, especially for the participants with the high-
est GRS score and the lowest serum 25(OH)D concentra-
tion, they should consider supplementing higher doses of
vitamin D in order to quickly reach an adequate level of
serum 25(OH)D concentration. Our next studies should
include more samples and longer follow-up time to eval-
uate: the effects of more genes and GRS on the prediction
of serum 25(OH)D concentration, and the effects of per-
sonalized vitamin D supplementation.

The inter individual variability of serum 25(OH)D con-
centration may also be related to factors such as age, sex,
BM]I, season, skin color, length of time of skin exposure
to sunlight, geographic latitude, physical activity, smok-
ing and drinking, but we cannot quantitatively assess
their impacts on serum 25(OH)D at this moment, so we
have not included these factors in our personalized nutri-
tion model. We will further study these factors later, and
gradually incorporated these factors into our model.

Balanced nutrition and sufficient physical exercise are
important ways for boosting immunity. Kumar et al. [20]
and Iddir et al. [21] explained the importance of vita-
mins and minerals for strengthening immune system
in COVID-19, Galmes et al. [22] reviewed the effects
of some micronutrients on immunity based on the
nutritional data from 10 European countries (includ-
ing France, Germany, Spain, Italy, Portugal, Belgium,
Denmark, Finland, The Netherlands, and the United
Kingdom) and emphasized that genetic factors must be
considered for personalized nutrition supplementation,
however none of them gave practical personalized nutri-
tion solutions; compared with them, we have taken an
important step in the field of personalized nutrition.

Conclusions

Different from the other one-size-fits-all immune boost-
ing strategies, in this paper, we proposed a novel person-
alized nutrition solution considering the genetic factor,
physical examination result, and lifestyle assessment data
of different individuals, so that to bolster immunity per-
sonally-tailored and effectively.

We validated the effect of our personalized vitamin D
supplementation solution based on GRS, physical exami-
nation and lifestyles, we found that personalized vitamin
D supplementation helped to reduce the risk of vitamin
D deficiency, reduce the variability of serum 25(OH)D
concentration among individuals, and especially reduce
the concentration difference of serum 25(OH)D between
different genetic risk groups. The study showed that GRS
was helpful to identify individuals with genetic tendency
of low serum 25(OH)D concentration, and personalized
vitamin D supplementation based on GRS can benefit
people at higher risk of vitamin D deficiency a lot.
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Concerning future work, through cooperation with
hospitals or physical examination centers, we will estab-
lish more population cohort studies to further prove the
effectiveness of our personalized nutrition model by vali-
dating more nutrients such as vitamin C, folic acid and
etc. Meanwhile, we will continue to optimize our person-
alized nutrition solution for boosting immune system by
integrating more data to our model. For example, wear-
able devices such as smart watches and smart bands, are
commonly worn for monitoring the physiological indi-
cators including heart rate, sleep, blood oxygen, steps,
oxygen uptake, and etc. [23]. Therefore, we will consider
to combine the indicators that are validated mature (e.g.
heart rate) to our personalized nutrition model [24] in
the near future. Pregnant women, lactating women and
individuals with severe chronic diseases were excluded in
our personalized nutrition model as well as in our valida-
tion experiments, we plan to extend our model to provide
personalized nutrition service for those special popula-
tion groups, and we already have solution for pregnant
women, but for people with chronic diseases, we need to
give different personalized nutrition solutions for differ-
ent diseases based on clinical diagnosis results and clini-
cians knowledge [25], which is very challenging.

Additionally, we plan to extend our personalized nutri-
tion solution to other areas, such as considering both
the clock genes [26] and a customer’s sleep status [27],
we can find personalized nutrition solution to improve
customer’s sleep quality; through evaluating the genetic
factors affected diabetic eye disease [28], and detecting
the diabetic eye disease in early stage [29-31], we can
try to find personalized nutrition solution to reduce the
risk of vision impairment; combining genetic [32] and
IoT [33] data, we can use personalized nutrition solu-
tion to reduce the risk of cardiac arrhythmia; by analyz-
ing the epilepsy genetic[34] testing data and epilepsy
detection [35] result data, we can help to support the
clinical-decision as well as provide personalized nutrition
recommendations.
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