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Abstract

Timing is everything. Many organisms across the tree of life have evolved timekeeping 

mechanisms that regulate numerous of their cellular functions to optimize timing by anticipating 

changes in the environment. The specific environmental changes that are sensed depends on the 

organism. For animals, plants, and free-living microbes, environmental cues include light/dark 

cycles, daily temperature fluctuations, among others. In contrast, for a microbe that is never 

free-living, its rhythmic environment is its host’s rhythmic biology. Here, we describe recent 

research on the interactions between hosts and microbes, from the perspective both of symbiosis as 

well as infections. In addition to describing the biology of the microbes, we focus specifically on 

how circadian clocks modulate these host-microbe interactions.

Introduction

Our rhythmic environment shaped us. It created evolutionary pressures that proved 

advantageous to have an intrinsic clock that allowed us to anticipate rhythmic changes 

in the environment. In recent years it has become clearer than ever just how much the 

circadian clock regulates many additional aspects of mammalian physiology (1). The 

clock in mammals is controlled at the molecular level by core transcriptional activators 

(CLOCK and BMAL) and repressors (CRY and PER), with two additional interconnected 

loops, chromatin interactions, as well as many additional layers of post-transcriptional and 

post-translational regulation, which together regulate the expression of genes involved in 

myriad cellular functions (2). Thus, the clock is a master regulator of multiple systems in 

the body, including sleep, metabolism, and the immune system. Immune responses show 

temporal changes in antibody levels and abundance and sensitivity of immune cells. Yet, it 

is not known how these fluctuations impact host-microbe interactions in health and disease. 

Additionally, microbes themselves may have their own intrinsic clocks that regulate their 

own biology and many of the microbes that are pathogenic have intrinsic rhythms, as well. 

Here we will review recent advances in this active area of research.
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1. Circadian rhythms in host-microbe interactions

It has long been known that the sensitivity to endotoxins varies between morning and 

evening (3). Although we were aware of the increased survival of mice to a challenge of 

lipopolysaccharide (LPS) at dawn versus dusk, only in the past decade have we begun 

to understand the clock control over the immune system. The immune response is under 

circadian control in many ways, from the trafficking of immune cells, to the activation of 

innate and adaptive immunity, to host–microbe interactions (4).

Circadian rhythms in infections

Similar to endotoxin challenges, many studies have shown that the outcome of an infection 

(whether bacterial, viral, or parasitic) depends on the time of day at which the infection is 

initiated (5-8).

Infection with bacteria.—Several types of bacterial infections have been connected to 

circadian rhythms. For example, clock disrupted mutant flies (per01 and tim01) infected with 

two Gram-positive pathogens, Streptococcus pneumoniae and Listeria monocytogenes are 

sensitive to infection and die significantly sooner than wild-type flies (9). This increased 

sensitivity to the bacterial infection may be a consequence of the circadian regulation of 

phagocytosis that is disrupted in these fly mutants (10). In mice, infection with Listeria 

has also been shown to have a circadian component. When infections are initiated at the 

beginning of the rest phase (Zeitgeber time 0, ZT0) mice have higher colonization in 

spleen, liver and peritoneum, compared with infections initiated at the end of the resting 

phase (ZT8) (11). Similarly, infections with Streptococcus pneumoniae also show different 

immune responses depending on the time of the day (12). Salmonella enterica subsp. 

enterica serovar Typhimurium (S. typhimurium) infection also causes a higher bacterial 

load when infection is initiated during the rest phase than when infection is initiated 

in the middle of the active phase in mice. This difference is dependent on a functional 

copy of CLOCK (7). Chlamydia, one of the most common vaginal bacterial infections, 

also causes more detrimental infections depending on the time of day (13). When mice 

are infected with C. muridarum during their rest period, it leads to higher numbers of 

bacteria being shed and lower fertility (Fig. 1). Thus, there is a circadian rhythm in the 

timing at which the host is more efficient in managing an infection. Most of the bacterial 

infections studied so far show poorer management by the host when initiated during the 

rest phase (at a time at when infection might not normally occur in the wild). It would be 

interesting going forward to understand if these circadian differences in infection outcome 

are a consequence of evolutionary pressures to the circadian rhythms in immune response; 

or whether evolutionary pressures caused the bacterium itself to become more efficient 

establishing the infection depending on the time of the day (more discussed in section B).

Infection with parasites.—The outcome of parasitic infection also depends on the timing 

of the host circadian cycle. Timing of host rhythms impact malaria parasite replication 

success (14). Leishmania amazonensis parasite burden shows a circadian profile (15), and 

Bmal1 in monocytes is responsible for modulating the magnitude of Leishmania major 
infection variation throughout the day (6, 16). Similar findings have been described for the 
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intestinal parasitic helminth Trichuris muris, with mice infected at the start of the active 

phase showing delayed clearance. Ablation of Bmal1 in antigen-presenting dendritic cells 

(DCs) leads to a partial loss of time-of-day dependency of helminth expulsion from the body 

(5). Therefore, the circadian clock (with focus to date mainly on the core transcriptional 

activator BMAL1) can regulate cellular immunity against bacteria and parasites (Fig. 1, and 

see viral section).

Behavioral changes of the host by parasitic infections: Infection with Trypanosoma 
brucei leads to advances in the timing of locomotor behavior of mice and humans by 

disrupting the timing at which they sleep (17-19). This distinct disruption gave rise to 

the name of the disease ‘sleeping sickness’. We recently showed that alterations to the 

circadian clock underlies these behavioral changes, and, so far, this is the only infection 

known to shorten the period of the host’s oscillations (20-22). Upon T. brucei infection we 

observed that, while the overall activity of mice decreased, they become more active than 

healthy animals during the rest phase, similar to the behavioral changes described for human 

sleeping sickness patients. Moreover, when in constant darkness, the infected mice revealed 

an increasingly shorter period as the infection progressed. Molecularly, we also observed 

that the expression of a clock repressor PERIOD2 protein rhythm had a shorter period in 

infected mice than in healthy mice, highlighting how sleeping sickness infection affects the 

circadian clock (20).

Circadian behavioral changes by parasitic infections have been also described for insects 

(cricket and ant) and snails (hairworm and fungus) (23-25). In the case of the circadian 

behavioral manipulation of carpenter ant workers by the fungus Ophiocordyceps unilateralis 
s.l. infected ants wander out of the nest earlier in the day than healthy ants. This behavioral 

disruption assists the fungus in completing its life cycle (24). Expression of the clock 

genes, period and cycle, have been shown to be upregulated in infected ants at 10 am, 

in comparison with healthy time-matched control ants (24). This upregulation is complex 

to interpret, as these clock elements belong to both the negative and positive arm of the 

clock. Higher resolution of sampling covering the entire circadian cycle would be needed to 

understand the circadian disruption. It would be interesting to know whether these examples 

of infections, such as with the fungus, also lead to a circadian dysregulation by accelerating 

and thus shortening the circadian period of the ant’s clock.

Infection with viruses.—Similar to what has been shown for bacterial infections, time-

of-day of infection influences virus progression both in mice and in individual cells. Viral 

infections are enhanced when host circadian rhythms are abolished by disrupting the Bmal1 
gene, in infections with herpes, influenza A, and respiratory viruses of the Paramyxoviridae 

family (8, 26) (Fig. 1). Bmal1−/− mice intranasally infected with the respiratory syncytial 

virus (RSV) have a higher viral load than wild-type mice (26). However, these observations 

may be in part related with the anti-inflammatory effect of BMAL1 protein (4). Nonetheless, 

the clock itself plays a role since misalignment of circadian rhythms through chronic jet lag 

exacerbates acute viral bronchiolitis caused by Sendai virus (SeV) or influenza A virus in 

mice (27). In addition, when activating the expression of the clock protein, REV-ERB, with 

an agonist (SR9009) both Dengue virus (DENV) and Zika (ZIKV) infection (28), as well as 
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human immunodeficiency virus 1 (HIV) (29), and hepatitis B virus (30), are all inhibited. 

These findings suggest that the circadian clock regulates host-viral interactions in these 

infections. However, since the clock agonists used in these studies have been shown to have 

off target effects, namely effects on cell proliferation and metabolism that are independent of 

REV-ERB (31), further studies are required.

Interestingly, even the survival of the host has been observed to fluctuate depending on the 

time the viral infection is initiated. Encephalitis caused by the vesicular stomatitis virus 

(VSV) infection leads to a higher mortality rate if the intranasal infection of mice occurs at 

the beginning of the rest phase (32). Similarly, time of day influences outcome of infection 

by influenza A virus (IAV). However, in this case, when infection is initiated in the morning 

mortality is three-fold lower than when mice are infected in the evening, closer to their 

active phase (33). Interestingly, hyperoxia early after birth disrupts the development of 

normal circadian rhythms in mice, and, despite only leading to subtle effects on the clock 

later in adulthood, this disruption abolishes the daily differences in response to influenza A 

infection (34) (Fig. 1).

SAR-CoV2 pandemic and the clock.: While living in a pandemic caused by SARS-CoV2, 

it is impossible to neglect the potential impact of circadian rhythms in managing the 

COVID-19 infection (35-38), as well as more broadly how the Stay-at-Home orders 

affect our circadian rhythms and sleep patterns. Overall, early on in the pandemic sleep 

behavior improved in adults. Prior to the pandemic, ~60% of individuals slept less than 

the recommended 7h per night, whereas only ~37% of participants in a study in Argentina 

failed to reach 7h of sleep during the lockdown (39). Increases in total sleep were also seen 

in the United States and Canada where university students increased their sleep duration 

by ~30 min, bringing the total time slept closer to public health recommendations (40, 

41). Similar sleep duration increases were observed in participants across 40 countries (42) 

and on different continents (43). Taken together, these studies highlight a chronic sleep 

deficit under pre-pandemic social time pressures (42). However, as the pandemic progressed, 

sleep disruption generally increased and was associated with an increase in mental health 

problems and anxiety (44-47).

Vaccine development and distribution have been a tour de force during the SARS-CoV2 

pandemic and were achieved at an unprecedented speed. Considering the rhythms in 

immune response, it will be interesting to assess in metadata studies whether time of 

vaccination with anti-SARS-CoV2 had differential impacts in building immunity (more 

discussed in section C). Is time of day, i.e., morning vs. afternoon vaccination a co-variate 

of becoming infected in vaccinated individuals? (Fig. 2) It may be of particular interest since 

there are recent reports of ‘breakthrough’ infections (48).

Inflammation and the downregulation of the clock.

The inflammation caused by infections can disrupt the circadian clock by dramatically 

decreasing the amplitude of circadian rhythms, both at the behavioral and molecular level. 

Proinflammatory cytokines added to cultures are sufficient to decrease the amplitude of 

molecular rhythms. Moreover, cytokine injection leads to ‘sickness-like behavior’ (49). 
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Similarly, parasitic infections decrease the amplitude of circadian behavioral rhythms. 

The reduced active-phase activity was observe in multiple parasitic infections by the 

causative agents of sleeping sickness (Trypanosoma brucei) (20), malaria (Plasmodium 
chabaudi) (20, 50), and Chagas disease (Trypanosoma cruzi) (51). The decrease in circadian 

amplitude of activity rhythms is also accompanied by the downregulation circadian gene 

expression, of both positive elements (Bmal1) and negative elements (Per1) of the clock 

(20). Of these parasitic infections, only T. brucei infection changes the period of the 

host clock both behaviorally and molecularly, in addition to the decrease in amplitude 

that is common to other infections (20). Bacterial infection by Salmonella, has also been 

shown to downregulate the expression of the clock gene Per2 in mice (7). In plants, 

the downregulation of clock gene expression by bacterial infections is also observed (52, 

53), suggesting once again that the amplitude reduction may be a consequence of host 

inflammation when fighting an infection. Notably, in humans, respiratory tract expression 

of most clock genes (BMAL1, NPAS2, PER2, DBP and NR1D1 [REV-ERB α]) is reduced 

in adult asthma patients (27). Thus, infections, possibly through the inflammatory response 

they induce, appear to generally downregulate clock gene expression. How does the clock 

become downregulated? Is cytokine signaling reducing expression of both positive and 

negative elements of the clock? It has been proposed that the non-canonical pathway of NF-

κb may interact directly with clock proteins (54). In addition to understanding this process 

mechanistically, it would be interesting to investigate the consequences that downregulation 

of expression has on the clock regulation of sickness-like behavior, metabolism, and the 

immune response itself.

Circadian rhythms in symbiosis

Circadian rhythms in symbiotic host-microbe interactions have also been described. An 

interesting example is the squid-bacteria interaction. There is a daily rhythm in light 

production when the symbiont Vibrio bacteria are brightest in the evening and the squid 

is out foraging. Moreover, every dawn ~90% of the symbiont bacteria population is 

expelled from the squid microvilli (55). Lately, other examples of how mammalian host-

microbiome interactions vary through the day have come to light. This includes cross-

kingdom interactions in both the mammalian intestinal setting as well as in the saliva (56, 

57).

Microbiome.—The metabolic interactions between the gut tissue and its microbiome 

have been a major research focus in the past decade, and both the host and microbiota 

rhythms seem to affect one another. The intestinal microbiota in mice undergoes 

rhythmic fluctuations in its composition (58), biogeography, and metabolome patterns 

(59). Disruption of clock genes in the host abolishes rhythms in the abundance of certain 

microbiota (58), which seem to be restored upon time-restricted feeding (58, 59). On the 

other hand, the absence of gut microbes perturbs the expression of circadian clock genes in 

the mouse liver (60).

Gut microbiome daily rhythms are clearly linked with food intake and metabolism (61). 

In mice, body composition is regulated by the gut microbiota via the transcription factor 

NFIL3 (62), part of one of the three interconnected transcription-translation circadian clock 
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loops. In addition, it has been suggested that the microbiota also imposes rhythms in host 

metabolism through histone deacetylase 3 (57). There is a complex equilibrium between 

host and microbiota that impacts the homeostasis of the gut. Diet timing and microbiota 

rhythmicity modulate the small intestine epithelial cells major histocompatibility complex 

(MHC) class II expression rhythm, linking its daily rhythms with immune balance (63).

Multiple studies have shown that an alignment of internal rhythms to the environment is 

beneficial for healthspan. Time of day of feeding plays an important role (64, 65). Human 

saliva also displays changes in the diversity and relative bacterial abundance throughout the 

day (66) and this microbiota is altered by the timing of meals (67). Similar to what has been 

observed in mice, a study with German participants showed that arrhythmic gut microbiome 

signatures in humans predict risk of type 2 diabetes (56).

2. The microbe’s own clock

In this section we will mostly focus on clocks of microbial pathogenic organisms and some 

commensal microbes. Even though not all the pathogens we will mention here are microbes, 

such as the Schistosoma or filaria parasites, they do cause massive health burdens and have a 

parasitic life cycle, thus they have been included in the parasite section.

Bacteria clock.

From prokaryotes, the most well-known clock is found in cyanobacteria. In particular, 

we have a good understanding of fine tuning of the molecular clock machinery of the 

species Synechococcus elongatus (68-70). Nonetheless, for most prokaryotes we still have 

poor knowledge regarding the presence or regulation of circadian rhythms (71). Although 

they are not necessarily exposed to external environmental cues, bacteria that colonize or 

cause infections are exposed to the hosts’ rhythmic biology. Prokaryotes are incredibly 

diverse and studies have shown that there is little conservation in circadian components 

across phylogenetic groups. Some bacterial pathogens have the Kai proteins (the central 

components of the cyanobacteria clock), such as Legionella pneumophila. However, despite 

increasing the fitness of the bacterium, it remains unclear whether it regulates a circadian 

clock (72).

Symbiotic gut bacterium could gain an advantage in the competition for resources by having 

a clock that anticipates when nutrients are entering the digestive tract. However, so far, 

it is unclear whether intestinal microbiome bacteria have a self-sustained rhythm in vivo. 

The rhythmic fluctuation in intestinal microbiome abundance is dramatically dampened in 

circadian mutant arrhythmic hosts (58), which may suggest the microbiota rhythms rely 

solely on host’s rhythms instead of an intrinsic clock of bacteria. Nonetheless, Klebsiella 
aerogenes, a gastrointestinal commensal bacterium, has a circadian rhythm in swarming 

and motility in vitro. This swarming rhythm is enhanced by melatonin (73). Moreover, its 

rhythms can be entrained by temperature cycles and self-sustained under constant conditions 

(74), suggesting at least some of the gastrointestinal bacteria may have intrinsic rhythms 

in vivo. To highlight how complex host-bacteria circadian interactions are, some rhythms 

in the host gut require the presence of bacteria. As examples, the microbiota is required 
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for diurnal metabolic rhythms in nutrient uptake in the mouse small intestine and rhythmic 

clock expression in the liver (57, 60).

Bacillus subtilis a non-photosynthetic bacterium has recently been shown to have an 

intrinsic clock (75). B. subtilis is found as a commensal in the gastrointestinal microbiomes 

of many animals, including humans (76). Interestingly this bacterium does not have any of 

the cyanobacteria clock machinery, i.e., it lacks KaiA, KaiB and KaiC, but its rhythmicity is 

entrained by both light and temperature cycles and persists in constant conditions. Notably, 

its circadian rhythmicity may be linked with biofilm formation (75) (Fig. 1).

Hourglass versus self-sustained clock.—The existence of clocks to anticipate the 

rhythmic changes in the environment may not be fully universal (77). Cyanobacteria such 

as Prochlorococcus marinus do not have circadian rhythms of physiological properties that 

are under clock control in other cyanobacteria, and instead rely on an hourglass based on 

environmental cues (78-80). In other words, the rhythmic physiological properties rapidly 

become arrhythmic when under constant conditions. It remains unclear why these bacteria 

do not have traditional cyanobacteria clocks. Are they perhaps too divergent and rely on 

another clock mechanism? They do lack one of the clock components KaiA (80). Could it 

be that they have a clock but their clock controls other physiological properties that have 

not been measured? An unbiased approach such as transcriptome or phosphoproteome study 

could help clarify this.

Fungal clock.

The most well-studied fungal circadian clock is from the filamentous Neurospora crassa, 

from which some of the first clock genes were discovered (81). However, not much is known 

about the circadian mechanism of other fungal species, including the circadian regulation 

of human pathogenic fungi (82). Nonetheless, the necrotrophic fungal plant pathogen 

Botrytis cinerea has a functional clock that shares similar components and circuitry with 

the Neurospora circadian system. This fungus produces smaller lesions on Arabidopsis 
leaves when their interaction occurs at dawn. Importantly, disruption of B. cinerea rhythms 

(mutation or overexpression of the frequency gene) abrogates circadian regulation of fungal 

virulence, highlighting the contribution of the pathogen clock to this phenomenon (83). 

While there is circadian regulation of the plant-fungal pathogen interaction, it would be 

interesting to investigate if this also happens in mammalian fungal infections.

Parasite clock.

Many parasitic infections show rhythmic daily patterns. The human infectious stage of the 

Schistosoma mansoni parasite (known as cercariae forms) emerges from snails and swims in 

fresh water to infect humans by penetrating through the skin. Interestingly, the emergence of 

this infectious stage is rhythmic and matches the behavior of its final host: occurring during 

the daytime in parasites that infect humans and in the early evening in parasites that infect 

nocturnal rats (84). Filarial parasite’s transmissible forms are rhythmically present in the 

blood, with their higher numbers matching the vector feeding pattern (85). A fluctuating 

number of parasites in the blood is common to many other parasite species, such as 

Trypanosoma rotatorium in the blood of the frog (86), and Trypanosoma congolense and 
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Trypanosoma lewisi in the blood of rodents (87) whose numbers fluctuate throughout the 

day. Despite these and many other examples of rhythmic patterns in parasitic infections, 

until recently we did not know if these behaviors were intrinsic to the parasite or whether 

parasites were simply responding to rhythmic environmental cues, either external or from 

their host (88). We showed that Trypanosoma brucei parasites, unicellular parasites that 

cause the sleeping sickness in Africa has intrinsic rhythms in their gene expression and 

metabolism (89). This study served as a proof of principle that obligatory single-celled 

protist parasites (never free living during their life cycle) have evolved intrinsic circadian 

time-keeping mechanisms to regulate many cellular functions.

One of the most famous examples of daily rhythms in parasites are the rhythmic fevers 

in malaria infections. Those fevers are a consequence of the blood-stage parasites having 

a synchronous asexual cycle, with a coordinated cycle from the moment of invasion of 

the red blood cells until their bursting. This cycle lasts 24 hours or multiples of 24 hours, 

depending on the Plasmodium species (90). Malaria is also caused by a unicellular protist 

parasite, although not closely related to T. brucei. It was clearly demonstrated almost 100 

years ago that this parasite rhythm is intimately linked with the circadian rhythm of the host 

(91) and its interpretation was that the parasite rhythms were a consequence of the host 

rhythmicity, a perception that has been carried over to these days. However, parasite rhythms 

persist independent of host rhythms (92-94) in both mouse models and human parasites 

in culture, strongly suggesting that he malaria parasite has its own rhythms. Interestingly, 

the interaction with the host is important for the parasite population to be synchronized 

with each other, although the periodicity is intrinsically generated by the parasite (92). One 

other key observation is that in parasites whose asexual cycle rhythm is over 24h, such as 

Plasmodium falciparum, there appears to be an underlying 24h gene expression rhythmicity 

within the 48h developmental cycle of the human parasite (93, 94) (Fig. 1).

3. Circadian medicine for infectious diseases

Circadian rhythms in host-microbe interactions and in microbes themselves may provide 

an opportunity to optimize current medical interventions. Excitingly, there are two major, 

yet simple and actionable, points that arise from these studies: potential optimization of 1) 

treatment against infectious agents by time-of-day drug administration, and 2) of boosting 

immunity by time of day of vaccination (Fig. 2).

Optimization of treatment by time-of-day drug administration

Circadian medicine is a concept that considers time of day of drug administration to 

optimize treatment and potentially reduce treatment toxicity (65, 95-97). This concept 

is currently factored into the management of cholesterol levels and high blood pressure 

whereby administering the drug at night is more effective (98, 99). It is also being 

considered for glioblastoma cancer treatment, where initial results have shown there is an 

increase in 6-month survival rate when certain treatments are administered in the morning 

(100).

Although circadian medicine has not been widely considered to treat infectious diseases, 

we argue that the same concepts apply. As a proof of concept, it is worth mentioning our 
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studies on T. brucei rhythms. We found that T. brucei has a circadian clock and its rhythmic 

biology leads to time-of-day difference in susceptibility of the parasite to suramin treatment. 

T. brucei shows a circadian IC50 profile in response to the drug, in which there is over 2.5x 

higher sensitivity to suramin drug treatment when comparing two time-points that are just 4h 

apart (89).

Overall, we believe that circadian medicine for infectious diseases is worth exploring. The 

time-of-day administration may be useful when the drug targets are more highly expressed 

due to microbe’s rhythmic biology, but also because mammalian physiology is so dynamic 

that there may be inherent rhythms in absorption and metabolization of the drugs.

Enhancement of immunity by time of day of vaccination

In humans, influenza antiviral vaccine administration in the morning led to higher antibody 

response over afternoon vaccination response in participants over 65 years old (101) (Fig. 

2). In mice, time of day of vaccination against Listeria monocytogens led to differences in 

bacterial load upon infection. This effect is dependent on the clock of CD8 T cells which 

are more responsive to vaccination in the mid-rest phase than during the mid-active phase 

(102). Overall, the body’s immune response is under circadian control and thus the time of 

day of vaccination may boost immunity against pathogens. Further studies are needed to 

fully identify the molecular and cellular players responsible for a potential higher protection 

to infections by vaccination and whether those can be boosted by defining the time or 

enhancing its circadian rhythms. This is an area of research that should be studied further, 

particularly in light of the global pandemic, but also when considering vaccination for 

influenza and other pathogens.

Final remarks

Interactions between hosts and microbes are complex, from symbiotic relationships where 

both parties benefit, to infections. Most of the studies of these relationships are at a 

particular moment in time or at a resolution of weeks and months for chronic infections. 

Reanalyzing these interactions at a higher resolution within a day is providing novel 

information about the daily dance between the biology of both entities: the host and 

microbe. Uncovering insights into the biology of pathogens will open up new possibilities to 

explore how to optimize current efforts to limit infections.
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Figure 1: 
Circadian rhythms underlying interactions between hosts and microbes. The circadian clock 

has been shown to impact many different mammalian infections. So far three main groups 

of mammalian pathogens and symbionts have been studied: viruses, bacteria, and parasites. 

We enumerate many of those that have been linked to the circadian system and highlight to 

which capacity: i) infection with the pathogen alters the circadian clock of the host (Host 

clock); ii) the microbe has an intrinsic clock independent of host or environmental signals 

(Intrinsic clock); iii) time of day of infection initiation impacts host survival (Host survival); 

and iv) time of day of infection initiation impacts pathogen load (Pathogen load). Some 

viral infections are also mentioned but are assigned to category v) Suggested Pathogen Load, 

because further studies are required (see section ‘Infection with viruses’).
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Figure 2: 
Illustration of the potential for boosting immune response to infections by studying the 

effect of aligning the time of vaccination with internal biological rhythms.
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