
Introduction 

Vaccination has had a tremendous impact on people’s 

health worldwide. It was possible to prevent countless 

people from contracting diseases or dying through vacci-

nation [1]. 

Efforts have been made to create an effective and safe 

vaccine against infectious diseases that threaten people’s 

health. As people worldwide are being vaccinated owing to 

the coronavirus disease 2019 (COVID-19) pandemic, infor-
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The immunogenicity of vaccines is affected by host, external, environmental, and vaccine factors; in addition, sleep or circadian 
rhythms may also have effects. With the use of vaccines to mitigate the coronavirus disease 2019 (COVID-19) pandemic, research is 
underway to clarify what time of the day is optimal for COVID-19 vaccination and how disturbances of circadian rhythms will affect the 
immunogenicity of the vaccine in shift workers. Studies on the relationship between sleep time and the immunogenicity of vaccines 
for influenza and hepatitis have demonstrated that less sleep time and sleep deprivation tended to adversely affect immunogenicity. 
In some studies, there were even sex differences in these effects. When comparing shift workers with disturbances in their circadian 
rhythms and those who only worked during the day, one study found less antibody formation in shift workers; however, further studies 
on the relationship between shift work and the immunogenicity of vaccines are needed. Studies on the relationship between vaccine 
administration time and immunogenicity have shown different results according to age and sex. Therefore, future studies on vaccine 
administration time and immunogenicity may require an individualized approach for each vaccine and each population to be vaccinat-
ed. There is accumulating evidence on the effects of sleep and vaccine administration time on the immunogenicity of vaccines. How-
ever, further studies are needed to determine whether the association between immunogenicity and circadian rhythms and vaccine 
administration time can be used as a basis to increase the immunogenicity for individual vaccines. 
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mation on the immunogenicity and safety of the vaccines 

is of great interest. Several factors influence the immunoge-

nicity of vaccines. For example, there are intrinsic host fac-

tors, such as sex, age, immune history, and comorbidities; 

environmental factors, such as geographic location and 

season; nutritional factors, such as body mass index; and 

vaccine factors, such as the type of vaccine antigen, injec-

tion route, adjuvant type, and dose [2]. 

In addition, sleep or circadian rhythms have been indi-

cated to also affect the immunogenicity of vaccines [3,4]. 
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The circadian rhythm regulates the sleep-wake cycle of 

the human body, blood pressure, body temperature, daily 

changes in cortisol production, and immune function [5,6]. 

Simultaneously, sleep also affects the immune function [5]. 

Therefore, researchers have studied whether administering 

vaccines at a specific time of the day will have a positive 

effect on the immunogenicity of the vaccines and whether 

sleep affects such immunogenicity [5,7]. Recently, research 

results on when it is best to administer COVID-19 vaccines 

have been reported, and research on the immunogenicity 

of these vaccines in shift workers is ongoing [8,9]. 

This review summarizes the results of studies on the ef-

fect of sleep or circadian rhythms on the immunogenicity 

of vaccines. Based on the study findings, we would like to 

introduce ongoing studies on the relationship between 

circadian rhythms and immunogenicity of COVID-19 vac-

cines. 

Immune response, circadian rhythm, 
and sleep 

Most vaccines induce B- and T-cell responses, producing 

antibodies (humoral immunity) and inducing cellular 

immunity. Antibodies can specifically bind to toxins or 

pathogens and directly or indirectly kill infected cells with 

cytotoxic CD8+ T lymphocytes. CD4+ T lymphocytes re-

duce, regulate, and clear extracellular and intracellular 

pathogens by assisting B cells, CD8+ T lymphocytes, and 

macrophages [10]. 

The first report by Elmadjian and Pincus [11] in 1946 showed 

that the number of circulating lymphocytes changed 

throughout the day. Subsequent studies have shown that 

circadian rhythms affect the regulation of proinflammatory 

cytokine secretion. For example, when endotoxins stimulate 

macrophages, the amount of tumor necrosis factor alpha 

(TNF-α) secreted by macrophages shows a circadian pattern 

according to the injection time of the endotoxin [12]. Howev-

er, if there is light-dark cycle desynchronization or a defect in 

a key gene related to the circadian clock, circadian changes 

in cytokine production cannot be seen in macrophages. Be-

cause clock-controlled genes generate circadian patterns for 

gene expression in cells, the regulation of metabolism and 

other major pathways is influenced by the time of day [13,14]. 

Circadian rhythms also regulate leukocyte trafficking. Rhyth-

mic trafficking in both neutrophils and lymphocytes is driv-

en by clocks regulated by leukocytes and endothelial cells 

surrounding blood vessels [15,16]. 

Sleep strengthens innate and adaptive immune respons-

es [17]. Studies have shown that sufficient regular sleep 

and sleep quality enhance immune function and improve 

response to vaccines [5]. The secretion of proinflamma-

tory cytokines is increased in cases of experimental sleep 

deprivation and in people who have a habit of sleeping less, 

especially men [18,19]. It has been reported that the levels 

of neutrophils, B lymphocytes, monocytes, and natural 

killer (NK) cells increase when awake for a long time and 

decrease after getting enough sleep [7]. 

Although circadian rhythms and sleep are different do-

mains, they influence each other. Because of this interac-

tion, the lack of sleep in people with circadian rhythm dis-

turbances may affect the immune function [20]. 

Animal studies on the influence of 
circadian rhythms and sleep on the 
immunogenicity of vaccines 

Adequate sleep is important for the maintenance of good 

health in animals. Long-term sleep deprivation in rats has 

fatal consequences on vitality, and chronic sleep depriva-

tion in animals has led to splenic atrophy and bacteremia 

[21,22]. There have been several animal studies on the ef-

fect of sleep time and vaccine administration time on the 

efficacy of vaccines. In mice, the response of T lymphocytes 

to antigens has been reported to exhibit circadian rhythms 

[23]. The proliferation of T lymphocytes in response to stim-

ulation showed circadian changes, and the tyrosine kinase 

ZAP70, which plays a key role in T lymphocyte function, 

also showed rhythmic protein expression [23]. In addition, 

mice immunized with OVA peptide-loaded dendritic cells 

(DCs) demonstrated a stronger specific T cell response 

when immunized during the day than when vaccinated 

at night. A recent study also showed that when mice were 

administered DCs loaded with the OVA257–264 peptide 

antigen (DC-OVA), the CD8+ T cell response was higher 

when administered in the middle of the day than at other 

time points [24]. In this study, when the circadian transcrip-

tome of CD8+ T cells was analyzed, it was confirmed that 

the genes and pathways involved in T cell activation were 

abundant during daytime. 

The activation of innate immunity is essential for in-

28 www.kosinmedj.org

Kosin Medical Journal 2022;37(1):27-36



ducing an effective adaptive immune response. Silver et 

al. [25] evaluated the response to a vaccine when CpG oli-

godeoxynucleotide (ODN)-adjuvanted immunization was 

performed after Toll-like receptor (TLR) 9 expression and 

function increased. Antigen-induced proliferation and 

interferon-gamma production were significantly higher 

when OVA-CpG ODNs were administered to zeitgeber 

time (ZT) 19 (nighttime) mice, which had an increased 

TLR9 response, than when they were administered to ZT7 

mice. 

Mice are nocturnal animals; therefore, they are active at 

night and sleep throughout the day. Based on the results 

of studies on vaccine administration time and immunoge-

nicity in mice, the response of T cells to the vaccine antigen 

was higher during the day than at night. However, in an ex-

periment on the expression and function of TLR9, a factor 

related to innate immunity, the immunogenicity was better 

when mice were vaccinated using TLR9 ligands as an adju-

vant than when they were vaccinated at night. 

Human studies on the association 
between sleep and the immunogenicity 
of vaccines 

In human vaccine clinical trials, it has been reported that 

sleep and shift work patterns affect the immunogenicity of 

vaccines. Studies on the relationship between sleep dura-

tion or sleep deprivation and post-vaccination immuno-

genicity have mainly been conducted using influenza and 

hepatitis vaccines. Table 1 summarizes human studies on 

the relationship between sleep and the immunogenicity 

of vaccines. Among studies on sleep deprivation and the 

immunogenicity of vaccines in humans, the earliest results 

were published in 2002 by Spiegel et al. [26]. In 25 young 

men with an average age of 23 years, one group of 11 par-

ticipants slept only 4 hours during the first 6 days, and the 

other group of 14 participants slept 7.5–8.5 hours as usual. 

Influenza vaccine was administered on the morning of the 

4th day. In the antibody titer measurement 10 days after 

vaccination, in which the antibody increased logarith-

mically, the average antibody titer of the sleep-deprived 

group was less than half of that of the normal sleep group. 

However, there was no significant difference in the antibody 

titers between the two groups 3–4 weeks after vaccination. 

Prather et al. [27] administered influenza vaccine to 83 

young adults and asked them to maintain a sleep diary for 

13 days before and after vaccination. In their study, the anti-

body titers to the A/New Caledonia viral strain tested 1 and 

4 months after vaccination were lower in those who had a 

shorter sleep period than in those with a longer sleep peri-

od. Lange et al. [28] administered hepatitis A vaccine to 19 

adults aged 20–35 years and evaluated the antibody titer 28 

days after immunization. Ten participants slept at nighttime 

as usual on the vaccination day, while nine participants 

were not allowed to sleep and kept waking for 36 hours on 

the vaccination day. The hepatitis A vaccine antibody titers 

were almost twice as high in the participants who slept as 

usual after vaccination compared with those in the partici-

pants who had to remain awake on the day of vaccination. 

According to the study published in 2011 by Lange et al. 

[29], in 27 healthy men who were administered hepatitis 

A and B vaccines and then either slept or stayed awake on 

the night of vaccination, post-vaccination sleep boosted 

immunological memory responses compared with staying 

awake; the number of antigen-specific Th cells increased, 

and the fraction of Th1 cytokine-producing cells increased 

when they slept after vaccination. Sleep also significantly 

increased the antigen-specific IgG1 levels. One study re-

ported that 24 students in their early 20s were administered 

influenza vaccine in the morning; 13 had their usual sleep 

in the evening, and 11 stayed awake until 6 PM the next 

day [30]. Blood was drawn from the participants on days 5, 

10, 17, and 52 to measure the hemagglutination-inhibition 

titers against the H1N1 virus. A decrease in the serum anti-

body titer was observed on day 5 post-vaccination in men 

who could not sleep after vaccination compared with that 

in those who slept normally. However, there was no differ-

ence in the antibody titers between the two groups among 

women. In addition, there was no difference in the antibody 

titers between the two groups on days 10, 17, and 52 after 

vaccination, except on day 5 after vaccination. In this previ-

ous study, temporary sleep deprivation was not expected to 

have a lasting effect on the formation of antibodies against 

influenza vaccine. Further studies are needed to understand 

why the effects of sleep deprivation on antibody formation 

differ between men and women. Prather et al. [31] adminis-

tered hepatitis B vaccine three times to healthy adults aged 

40–60 years to determine whether sleep time affects the 

production of antibodies to the vaccine antigen. They used 

actigraphy and electronic sleep diaries to measure the sleep 

Vaccine immunogenicity, sleep, and circadian rhythms
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time. Actigraphy was used to measure sleep time and sleep 

efficiency for 6 consecutive days, 3 days before and 3 days 

after the first vaccination. A shorter sleep duration resulted 

in lower secondary antibody response. Shorter sleep was 

also associated with a lower rate of reaching an antibody 

titer that would be clinically protective against hepatitis B 

after completion of the third vaccination. 

Considering the results of several studies on the relation-

ship between antibody formation for specific antigens after 

vaccination and sleep, lesser sleep times or sleep depriva-

tion before and after vaccination negatively affected the im-

munogenicity of vaccines, except for one study that showed 

no differences in the antibody titer regardless of sleep depri-

vation in women [30]. 

Association between circadian rhythms 
and the immunogenicity of vaccines 

Shift workers are an essential group in studies on sleep 

and circadian rhythms and their relationship to immunity. 

Therefore, studies have been conducted on changes in im-

mune cells and responses to vaccines in shift workers. In a 

study of Norwegian nurses, the authors aimed to evaluate 

differences in immunological biomarkers depending on the 

work schedule, sleep time, and shift work [32]. However, 

the work schedule, the number of night shifts, a short sleep 

duration, and a poor sleep quality did not affect the levels 

of immunological biomarkers. Therefore, it was not possi-

ble to conclude on how shift work affected the immunity in 

their study. However, when the biomarker levels were com-

pared after a night of sleep with those after a night or day 

shift, the interleukin (IL)-1 beta levels were higher both af-

ter a night shift and day shift than after a night of sleep. The 

TNF-α levels were higher after a day shift than after a night 

of sleep. The monocyte chemoattractant protein 1 levels 

were lower after a night shift and day shift than after a night 

of sleep. These findings suggest that shift work can acutely 

affect the immune function. In a study that simulated a 

4-day night shift protocol and evaluated its effect on cir-

cadian regulation of the human transcriptome, peripheral 

blood mononuclear cells were collected through two blood 

sample collections [33]. In the night shift condition, rhyth-

mic transcripts were significantly reduced compared with 

the baseline. Upon further analysis, the rhythmicity was not 

completely lost owing to the night shift condition; rather, 

the rhythm was dampened. Functional analysis showed 

that the immune response mediated by NK cells and the 

Jun/AP1 and STAT pathways were mainly affected by night 

shift work. 

A recent study examined 34 workers aged 22–59 years 

who worked night or day shifts to determine whether night 

shifts affected the immune responses after vaccination [34]. 

After the polysomnography test, meningococcal C menin-

gitis vaccine was administered to the participants the fol-

lowing day. The researchers evaluated humoral and cellular 

immune responses after vaccination. In night shift workers, 

the levels of inflammatory mediators TNF-α and IL-6 in-

creased before vaccination. In addition, the antibody titers 

measured on days 28 and 56 of vaccination in night shift 

workers were significantly lower than those in day workers. 

The CD4+ T cell count, plasmacytoid DC count, and pro-

lactin level decreased among night shifters, and the Treg 

cell count increased in those with low antibody titers. Alter-

ations in sleep and circadian rhythms were also associated 

with decreased antibody responses. The post-vaccination 

humoral response decreased when night shift-related phase 

delay was prolonged. 

Researchers continue to argue whether shift workers are 

at an increased risk of developing cancer, cardiovascular 

disease, metabolic syndrome, and diabetes [35]. Distur-

bance of circadian rhythms owing to shift work seems likely 

to affect immune cells and responses, and the effects may 

consequently cause changes in the immune response after 

vaccination. 

Immunogenicity of vaccines according 
to the vaccination time during the day 

Because the immune system is known to have a circadian 

rhythm, there have also been studies on the relationship 

between the vaccine administration time and immunoge-

nicity of vaccines [36,37]. Table 2 presents studies on the 

relationship between the vaccination time and immunoge-

nicity of vaccines. In the study by Long et al. [38] conducted 

in the UK, 276 adults aged ≥65 years were divided into two 

groups: one vaccinated with influenza vaccine in the morn-

ing (9–11 AM) and the other group in the afternoon (3–5 

PM). The antibody titers against influenza A (H1N1) and 

B strains were higher in the morning immunization group 

than in the afternoon immunization group. The antibody 

Vaccine immunogenicity, sleep, and circadian rhythms
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Table 2. Studies on the effects of the vaccine administration time on the immunogenicity of vaccines

First author 
(year) Vaccine Age (yr)

No of 
participants

(% of women)
Study design Measurement Outcome

Long  
(2016) [38]

Influenza  
vaccine

≥65 276 (49) Morning vaccination: 
9–11 AM

Afternoon vaccination: 
3–5 PM 

(1) Antibody titers: 
pre- and post- (1 
month) vaccina-
tion 

(2) Serum cyto-
kine and steroid 
hormone levels at 
baseline 

The participants vaccinated in the 
morning had a greater antibody 
response than those vaccinated in the 
afternoon.

The cytokine and steroid hormone lev-
els were not related to the antibody 
responses.

Karabay 
(2008) [39]

Hepatitis B  
vaccine

19–23 63 (57) Morning vaccination 
(n=30) 

Evening vaccination 
(n=33)

Anti-HBs titers: 1 
month after the 
final vaccination

After three doses of vaccine, there was 
no difference in the geometric mean 
antibody titers between the morning 
vaccination group and the evening 
vaccination group. 

Phillips 
(2008) [40]

Study 1: 
hepatitis A 
vaccine

Study 2: 
influenza 
vaccine

Study 1: mean 
age of 22.9

Study 2: mean 
age of 73.1 

Study 1:  
75 (55)

Study 2:  
89 (57)

Study 1: morning (n=39) 
or evening (n=36) 
vaccination

Study 2: time of day of 
vaccination-an op-
portunistic variable. A 
binary AM (n=59)/PM 
(n=30) variable was 
created. 

Antibody titers: 
pre- and post- (1 
month) vaccina-
tion

Men, but not women, vaccinated in the 
morning showed a stronger anti-
body response to HAV and influenza 
vaccines than men vaccinated in the 
afternoon. 

Gottlob 
(2019) [41]

Hexavalent 
vaccine

Gestational 
age at birth: 
26–30 weeks

26 (58) Morning vaccination 
(n=12) 

Evening vaccination 
(n=14)

(1) CER: episodes 
of hypoxemia or 
bradycardia

(2) Antibody titers 
for pertussis and 
Haemophilus 
influenzae type b 
at a corrected age 
of 3 months

There was no impact of morning or 
evening vaccination on the CER.

Vaccination led to an increase in the 
CER in both groups; however, there 
was no difference in the CER between 
the morning and evening groups.

The antibody titers for Bordetella 
pertussis increased in both groups, 
with no difference in the levels of 
inflammatory markers 24 hours after 
vaccination.

Anti-HBs, hepatitis B surface antibody titers; HAV, hepatitis A vaccine; CER, cardiorespiratory event rate.

response to influenza vaccination in elderly people is a cru-

cial issue but was impressive in this previous study, because 

it showed the possibility of increasing the effects of influen-

za vaccination in this population. The antibody response 

can be increased by simply setting the vaccination time in 

the morning.  

Karabay et al. [39] subdivided 65 participants aged 19–23 

years into two groups: one group received hepatitis B vac-

cine in the morning and the other group in the afternoon. 

There was no difference in the immune responses between 

the two groups. 

Phillips et al. [40] performed two studies on the vaccine 

administration time and antibody responses. In their first 

study on hepatitis A vaccine in 75 students (mean age, 22.9 

years), 39 students were vaccinated in the morning and 36 

in the evening. In their second study on influenza vaccine 

in 99 elderly people (mean age, 73.1 years), 59 were vacci-

nated between 8 and 11 AM and 30 between 1 and 4 PM. 

The antibody responses to hepatitis A and A/Panama influ-

enza strains were higher in men vaccinated in the morning 

than in those vaccinated in the evening. However, this was 

not observed in women. Further studies are needed to de-

termine the reasons for the different antibody responses by 

sex. 

Gottlob et al. [41] observed whether morning or evening 

vaccination of neonates affected the cardiorespiratory event 
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rate. They administered the first hexavalent primary vac-

cine to neonates with 26–30 weeks of gestational age in the 

morning or evening, counting the episodes of hypoxemia 

and bradycardia. In addition, they measured the antibody 

titers against vaccine antigens in each group. There was 

no difference in the cardiorespiratory event rate between 

the morning and evening groups, and the antibody titer to 

Bordetella pertussis increased from baseline in both groups; 

however, a significant increase in the antibody titer to Hae-

mophilus influenzae type b (Hib) was observed only in the 

evening group. However, since the antibody response to Hib 

was lower in premature babies than in full-term infants in 

previous studies, one of the reasons for the lower antibody 

response to Hib in the babies participating in their study 

may be that the study group included premature babies. 

The investigators also compared pre- and post-vaccination 

antibody levels within groups but did not compare the 

antibody titers between the morning and evening groups. 

Therefore, based on these results, morning or evening 

vaccination in premature infants is considered to have no 

significant effect on the antibody titer or cardiorespiratory 

event rate. However, the results should be accepted because 

newborns spend most of their days sleeping, and it is diffi-

cult to determine whether they have a circadian rhythm set 

as in adults. 

Impact of circadian rhythms and sleep 
on the immunogenicity of COVID-19 
vaccines 

As people worldwide become eligible for vaccination ow-

ing to the COVID-19 pandemic, there is increasing interest 

in the immunogenicity and safety of vaccines. Based on 

the results of previous studies on the relationship between 

sleep or vaccine administration time and vaccine efficacy, 

there were opinions that these factors should be considered 

in clinical studies on the efficacy of the COVID-19 vaccine 

[42,43]. In a study of 2,784 healthcare workers in the UK, 

they received either the Pfizer or AstraZeneca COVID-19 

vaccine [8]. There were three categories of vaccination time: 

time 1, 7:00-10:59 AM; time 2, 11:00 AM–14:59 PM; and time 

3, 15:00-21:59 PM. The antibody titers were higher in those 

vaccinated later when the time 1 group was compared with 

the time 2 and 3 groups. In this previous study, there were 

limitations to the interpretation of the results because there 

was no information on the participants’ medical history, 

sleeping hours, and shift work patterns that could affect the 

immunogenicity of the vaccines. However, in the study by 

Zhang et al. [44], 63 medical personnel were divided into 

33 and 30 groups, respectively, and administration of an in-

activated severe acute respiratory syndrome coronavirus-2 

Fig. 1. Summary of study results on the relationship between sleep or vaccine administration time and vaccine efficacy. (A) Sleep depri-
vation, sleep restriction, or short sleep reduced the antibody response to the vaccine antigen. Sleep boosted the Th1 immune response 
after immunization. (B) Studies on vaccine administration time and vaccine efficacy differed in study design, and the results on vaccine 
efficacy were inconsistent.

Greater antibody response 
in older adults
Long (2016) [38]

Stronger antibody response
in men, but not women

Phillips (2016) [40]

Post-vaccination sleep
Lange (2011) [29]

No difference from the evening 
vaccination in students

Karabay (2008) [39]

Morning vaccination

Boosted immunological
memory responses

Reduced specific 
antibody titer

A B

Sleep restriction or 
sleep deprivation
Spiegel (2002) [26]
Lange (2003) [28]
Lange (2011) [29]

Benedict (2012) [30]

Short sleep duration
Prather (2012) [31]
Prather (2021) [27]
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vaccine (BBIBP-CorV; Sinopharm, Beijing, China) in the 

morning (9–11 AM) and afternoon (3–5 PM) showed oppo-

site results. Those vaccinated in the morning had stronger B 

and follicular helper T cell responses than those vaccinated 

in the afternoon. In addition, those vaccinated in the morn-

ing had significantly higher serum neutralizing antibody 

titers than those vaccinated in the afternoon. In a British 

study, the antibody titer was high in the afternoon group, 

while in a Chinese study, the antibody titer was high in the 

morning group. These two studies administered different 

types of vaccines and had different study designs; therefore, 

direct comparison of the results is limited. 

A study on the relationship between the immune re-

sponse to COVID-19 vaccines and sleep and shift work is 

ongoing [9]. The researchers noted that in previous influen-

za and hepatitis vaccine studies, sleep deprivation adverse-

ly affected the immunogenicity of the vaccines. Therefore, 

they hypothesized that there might be differences in the 

antibody response between shift workers and day workers, 

as circadian rhythm disturbances and sleep deprivation in 

shift workers could negatively affect their antibody respons-

es to COVID-19 vaccines. 

Conclusions 

In studies of the relationship between sleep and vaccine 

immunogenicity, sleep restriction, sleep deprivation, or 

less sleep reduced antibody responses to vaccine antigens 

(Fig 1A). Conversely, sleep after vaccination boosted the 

immune memory response. Considering the effect of the 

circadian rhythm on the immune response, it is an interest-

ing topic, presumably related to the time of vaccination and 

the efficacy of the vaccine. However, there have been few 

studies on this issue so far, and since the study designs were 

different, it is difficult to draw consistent conclusions from 

these study results (Fig 1B). In particular, in the relationship 

between vaccine administration time and vaccine efficacy, 

the results according to gender and age were different, and 

additional research is needed on this. First of all, it should 

be investigated whether the vaccine administration time 

really affects the vaccine efficacy, and if so, what mecha-

nism works to make it happen. In addition to the antibody 

response, studies on sleep and vaccine efficacy should be 

added to cell-mediated immunity. 

The two most important factors when applying a new 

vaccine to a specific population are safety and efficacy 

based on immunogenicity. We can infer from studies on the 

effects of sleep and circadian rhythms on immune cells and 

mechanisms that they can also affect the immunogenicity of 

vaccines; many researchers have already conducted studies 

to prove this. It is necessary to further understand the role 

of sleep and vaccine administration time in the adaptive 

immune responses that directly affect the immunogenicity 

of vaccines. Through such, it will be possible to determine 

the appropriate time to administer vaccines and whether 

intervention for shift workers is necessary when vaccinated. 
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