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The germ theory states that pathogenic microorganisms
are responsible for causing infectious diseases. The theory
is inherently microbe-centric and does not account for
variability in disease severity among individuals and
asymptomatic carriership—two phenomena indicating an
important role for host variability in infection outcome.
The basic tenet of the germ theory was recently challenged,
and a radically host-centric paradigm referred to as the
“full-blown host theory” was proposed. According to this
view, the pathogen is reduced to a passive environmental
trigger, and the development of disease is instead due
to pre-existing immunodeficiencies of the host. Here, we
consider the factors that determine disease severity using
established knowledge concerning evolutionary biology,
microbial pathogenesis, and host-pathogen interactions.
We note that the available data support a noncentric view
that recognizes key roles for both the causative microbe
and the host in dictating infection outcome.
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The germ theory of disease was developed in the mid/late
19th century and is arguably the most important paradigm in
the history of medicine. It states that microbial pathogens are
responsible for causing infectious diseases, i.e., it denotes
cause and effect. The health implications of the theory were
revolutionizing, providing a scientific rationale for both pre-
venting (vaccines and hygiene) and treating (antibiotics) com-
municable diseases. Koch's postulates laid out an experimental
approach to positively identify disease-causing agents and
represent a cornerstone of the germ theory (1) (Box 1). However,
the theory is microbe-centric by nature and therefore does not
explain why different individuals infected by the same path-
ogen may experience very different disease severity or even
no symptoms at all (asymptomatic carriership). This situation
suggests that while the microbe is required to cause disease
it is not sufficient to dictate infection outcome. It follows that
variability in the status of the host must be considered, as
pointed out by Dubos in 1955 when he expressed his “second
thoughts on the germ theory” (2).

In a recent reflection on infection outcome, Casanova chal-
lenged the germ theory and proposed a new host-centric
paradigm, referred to as the “full-blown host theory,” in its
place (3). According to this view, the microbe is equated to
an environmental trigger that merely reveals underlying and
preexisting immunodeficiencies of the host (3). Here, we
examine the relative importance of pathogen and host in
determining infection outcome and argue that it is impera-
tive to adopt a noncentric view, acknowledging key roles for
both the causative microbe and the host.
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Box 1.
Koch's postulates as commonly described.

1. The microbe must be found in all individuals
suffering from the disease, but not in healthy
individuals.

2. The microbe must be isolated from a diseased
individual and grown into a pure culture.

3. The cultured microbe should cause disease when
introduced into a healthy experimental host.

4. The microbe must be reisolated from the exper-
imental host and shown to be the same as the
original.

Of note, Koch and other contemporary scientists soon
realized the existence of asymptomatic carriership and
excluded the requirement that the pathogen should
not be found under healthy conditions.

The Role of Pathogen and Host in Infection
Outcome

The Full-Blown Host Theory. The last decades have provided
a wealth of information concerning the contribution of
immunodeficiencies to infection outcome (4). It is in light of
such insights that Casanova relegates the role of the microbe
in infectious diseases to a passive environmental trigger akin
to the role of a peanutin peanut allergy, and rhetorically asks
“who would see peanut as the cause of peanut allergy?” (3).
Casanova finds it bizarre that there are papers talking about
“death from infection in an immunocompetent individual,”
since it would be equivalent to talking about “death from
respiratory failure in a patient with normal pulmonary function”
or “death from coma in a patient with normal brain function”
(3). Instead, the full-blown host theory states that infectious
diseases are caused exclusively by inherited (“inborn errors
of immunity”) or acquired immunodeficiencies of the host (3).
These deficiencies can be “overt” or “covert” (i.e., undetectable)
depending on the techniques available for their detection, and

Author affiliations: “Department of Biology, Lund University, Lund 223 62, Sweden

Author contributions: F.C. and L.R. wrote the paper.
The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. This open access article is distributed
under Creative Commons Attribution License 4.0 (CC BY).

"To whom correspondence may be addressed. Email: fredric.carlsson@biol.lu.se.
Published April 5, 2024.

https://doi.org/10.1073/pnas.2319605121

1of 5


mailto:
https://orcid.org/0000-0003-0875-4395
https://creativecommons.org/licenses/by/4.0/
mailto:fredric.carlsson@biol.lu.se
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2319605121&domain=pdf&date_stamp=2024-4-4

S. pyogenes

C3b
L

SK‘

~A

M protein Complement

Recruitment of functional host mechanism

D S. pyogenes

SAg
@ TCR HLA-II @

Host allele-dependent interaction

S. pyogenes

Activation of functional host mechanism

S. pyogenes

R

EndoS ‘ IgG N-glycan

e

Inactivation of functional host mechanism

E S. pyogenes

<A C;i'AMP € NADase

Host-pathogen genotype interplay

Fig. 1. Examples demonstrating the evolved ability of S. pyogenes to promote disease in immunocompetent individuals. (A) The surface M protein recruits human
C4BP to inhibit complement opsonization (C3b) of the bacterial surface. (B) Secreted streptokinase (SK) binds to human Plg, which causes a conformational
change of Plg into a plasmin (Pl) active state. (C) The secreted endoglycosidase EndoS inactivates effector functions of IgG by cleaving off N-glycans from the
Fc-region. (D) Secreted superantigen (SAg) causes antigen-independent T cell activation by cross-linking the TCR with HLA-Il on antigen presenting cells (APC).
SAgs have different affinity for different fully functional HLA-II haplotypes. (E) The STING responds to S. pyogenes-derived c-di-AMP to induce transcription of
the interferon p gene, which is inhibited by the enzymatic activity of bacterial NADase. Human STING and S. pyogenes NADase exhibit polymorphisms affecting
their relative ability to respond to c-di-AMP and to suppress interferon transcription, respectively.

they “can only rigorously be defined by a severe infection” (3).
As outlined below, we find the relevance of these comparisons
and propositions to infection biology questionable, especially
since infection involves two interacting organisms (5). We
also note that the hypothesis regarding so-called covert
immunodeficiencies—which are assumed to exist but remain
unknown—represents an unscientific conjecture as it cannot
be falsified.

What Is a Pathogen? To explore the role of pathogen and
host in infection outcome, we first need to decide on what
we consider a pathogen. A pathogen is usually defined as a
microbe thatis able to cause disease in an immunocompetent
and otherwise healthy host. The concept of asymptomatic
carriership, however, implies that pathogens can sometimes
infect/colonize a host without producing symptomatic
disease. Examples of this common phenomenon include
SARS-CoV-2 and Helicobacter pylori where as much as ~40%
and ~80%, respectively, of all infections may be asymptomatic
(6, 7). The perhaps most significant example of a pathogen
that can cause asymptomatic carriership is Mycobacterium
tuberculosis, for which it is estimated that ~25% of the global
human population is latently infected without showing any
signs of disease (8), although the high prevalence of latency
has recently been questioned (9). In contrast to pathogens,
so-called opportunistic pathogens are considered unable
to generate disease under normal conditions but are able
to do so if the steady-state of the host is breached. For
example, the spore-forming bacterium Clostridium difficile,
which can be part of the gut microbiota, is normally unable
to establish symptomatic infection but may do so upon
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treatment with antibiotics, which diminishes the microbiota
thus enabling germinating C. difficile cells to gain a foothold
(10). Commensal fungi of the Candida genus are similarly
unable to cause disease under normal circumstances but can
do so if the steady-state is breached by immunosuppression,
as in patients with AIDS (11). Indeed, it is well established that
both inherited and acquired immunodeficiencies can lead to
opportunistic infections, as well as to worsened outcome of
infections with a pathogen.

The discussion above suggests that the distinctions
between pathogens, opportunistic pathogens, and benign
members of the microbiota can be debated and that these
terms might rather reflect a continuum. Still, pathogens are
distinguished by their capacity to cause disease in healthy
immunocompetent host individuals, a feature dependent on
evolved virulence traits.

The Evolution of Virulence. Virulence denotes the ability of a
pathogen to cause disease symptoms/pathology and is a key
aspect of infection outcome. Up until the 1980s, it was widely
believed that all pathogens would gradually loose virulence
and evolve into commensals. However, based on evolutionary
theory initially developed by Anderson and May (12), and
subsequently extended by numerous authors (13), it is now
thought that the Darwinian fitness of a pathogen is typically
maximized at some intermediate level of virulence. This is
because virulence entails both fitness costs in the form of,
for example, host death leading to premature truncation of
transmission, and benefits in the form of increased between-
host transmission rate (12). The optimal level of virulence
from the pathogen’s perspective is determined by factors
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like transmission mode, extent of within-host competition,
etc (14). The theory is supported by comprehensive tests
in both controlled laboratory experiments, including rodent
malaria (15), and epidemiological studies of human disease,
such as HIV/AIDS (16). Thus, natural selection has shaped
pathogens to cause symptomatic disease in the general host
population to enhance between-host transmission. Virulence
can also be affected by short-sighted within-host evolution,
where mutations providing an advantage in the tissue or
allowing spread into a new replicative niche—distinct from
the original site of infection—are selected for even though
they confer no benefit to between-host transmission (17).
From an evolutionary perspective, pathogens are therefore
expected to express factors that promote the development of
symptomatic disease in immunocompetent host individuals,
either as a result of selection for enhanced between-host
transmission or by short-sighted within-host adaptation.

Virulence Factors and Host-Pathogen Interactions. To illustrate
how pathogens cause disease and to highlight the fundamental
difference between the role of a pathogen in infection and,
for example, the role of a peanut in allergy, we will focus on
Streptococcus pyogenes as a model. Humans represent its only
known replicative niche (18), meaning that the bacterium
evolves exclusively within us. Infection with S. pyogenes can
lead to asymptomatic carriership as well as to symptomatic
diseases, ranging from superficial throat and skin infections
to invasive and life-threatening conditions like necrotizing
soft tissue infection and septic shock (18, 19). Globally, S.
pyogenes is responsible for ~700 million cases of disease and
over 500,000 deaths annually (18, 19). We have selected a
few concrete examples demonstrating the evolved ability of
this major human pathogen to actively promote disease in
immunocompetent individuals.

The surface M protein of S. pyogenes is a polymorphic vir-
ulence factor that confers resistance to phagocytosis, at least
in part by inhibiting opsonization by complement (20). To
this end, the M protein of many clinical strains recruits the
plasma protein C4b-binding protein (C4BP), which upon bind-
ing to M protein maintains its normal function to inhibit com-
plement activation, thereby preventing opsonophagocytosis
and enabling rapid bacterial growth in human blood (21-23)
(Fig. 1A). These M proteins selectively bind C4BP of human
origin and analysis of transgenic mice has confirmed a critical
role for this host-pathogen interaction in virulence (24, 25).
Thus, S. pyogenes exploits the normal function of a comple-
ment regulator to generate a complement-deficient microen-
vironment in a complement-proficient host.

Our second example involves streptokinase, a secreted
S. pyogenes protein that selectively binds to and activates
human plasminogen (Plg) to promote proteolysis and bac-
terial dissemination (18, 26) (Fig. 1B). Infection of transgenic
mice has demonstrated a key role for this interaction in
virulence (26), showing that S. pyogenes activates the normal
function of the fibrinolytic system to promote disease. The
fact that the bacterial interactions with C4BP and Plg are
host-specific is of central importance, because it essentially
excludes the possibility that these virulence traits have
evolved for other purposes outside of the human host.

Athird example is provided by the endoglycosidase EndoS,
which is secreted from S. pyogenes and cleaves the conserved
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N-glycan on immunoglobulin G (IgG) antibodies (27) (Fig. 1C).
Removal of this glycan from the Fc-region impairs IgG effec-
tor functions, including ability to activate complement and
interact with Fc-receptors to induce phagocytosis (28). Lack
of EndoS has no effect on virulence under naive conditions
but significantly limits disease development in immunized
mice (29). Thus, the bacterium has evolved a mechanism to
inactivate the protective function of specific IgG antibodies
in an immunocompetent host.

Our remaining two examples showcase the importance
of an interplay between bacterial virulence factors and host
genetic variability. First, streptococcal superantigens (SAgs)
cross-link T cell receptors (TCRs) with human MHC class I
[human leukocyte antigen Il (HLA-11)] molecules leading to
antigen-independent T cell activation, which may cause a
cytokine storm and shock (18) (Fig. 1D). However, patients
carrying the HLA-DRB1*1501/DQB1*0602 haplotype have
reduced responses to SAgs, rendering them less likely to
develop severe systemic inflammation compared to individ-
uals carrying risk or neutral haplotypes (30). Thus, different
fully functional HLA-II variants have significant impact on
infection outcome. From an evolutionary point of view, SAgs
long remained enigmatic since the ability to induce life-
threatening systemic responses is unlikely to provide a selec-
tive advantage for the bacteria. Recent advances based on
a noninvasive infection model in HLA-II transgenic mice,
however, have suggested that streptococcal SAgs modulate
the local immune response at mucosal surfaces to promote
colonization of the nasopharynx (31, 32), offering a plausible
explanation to how these virulence factors increase bacterial
fitness. The fact that SAgs sometimes provoke systemic dis-
ease may therefore be viewed as an accidental consequence
of their evolved ability to promote mucosal colonization. It
is interesting to speculate that similar scenarios might apply
more broadly to the role of virulence factors in disease devel-
opment, particularly regarding pathogens associated with
asymptomatic carriership.

The final example entails type | interferon (IFN)-signaling,
which protects against host-detrimental inflammation in
S. pyogenes infected mice (33, 34). In macrophages, S. pyogenes-
derived cyclic-di-AMP (c-di-AMP) activates the stimulator of
interferon genes (STING) to drive the type | IFN response
(35, 36) (Fig. 1E). However, so-called epidemic strains of the
bacterium secrete an enzymatically active NAD-glycohydrolase
(NADase) (37-39) that suppresses type | IFN transcription
(36) (Fig. 1E). Human STING and S. pyogenes NADase exhibit
polymorphisms affecting their ability to respond to c-di-AMP
(40-44) and suppress type | IFN production (36), respectively.
Paired analyses of patients and patient-derived strains indicate
that an interplay between STING genotype and NADase activity
regulates the outcome of invasive necrotizing soft tissue infec-
tions (36), suggesting that the particular combination of host
and bacterial allele variants in each individual infection is
consequential.

The examples above demonstrate that microbial virulence
factors promote disease in immunocompetent host individ-
uals. While we have focused on S. pyogenes, similar strategies
to recruit, activate and inactivate functional aspects of the
host response are widespread among microbial pathogens,
including evolutionarily diverse bacterial species (45, 46),
parasites (47), and viruses (48).
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Host and Pathogen Genetic Variability. The inborn errors of
immunity invoked by Casanova as the main cause of severe
disease are the result of rare mutations (allele frequency
<1%) with large effects on infection outcome (49). Although
such mutations clearly play a role—for example, inborn
errors affecting type I IFN production explain 3.5% of all cases
with life-threatening COVID-19 (50)—more common alleles
with smaller effects also make substantial contributions
to the phenotypic variation in infection outcome, as
indicated by genome-wide association studies (51). In at
least some cases, such alleles are maintained by balancing
selection, where alternative alleles at a locus are subject
to opposing selection pressures (52). These variants can
therefore not be characterized as inborn errors or primary
immunodeficiencies but rather represent adaptive genetic
variation. The best-known examples include the sickle cell
trait, which affects susceptibility to severe malaria (53, 54),
and different HLA variants affecting susceptibility to severe
disease from infection with numerous pathogens (51). Other
examples of the effects of balancing selection on infection
outcome include ABO, CCR5, FUT2, and TIRAP (51, 55-57).

Besides host genetic variation, there is often extensive
genetic variation in pathogens, and genetic diversity of host
and pathogen may combine in a nonadditive way such that
the specific combination of host and pathogen genotypes
significantly affects disease severity (52). Thus, while host
genetics clearly plays a role, it is important not to limit this
to inborn errors of immunity. We also need to recognize the
effect of adaptive genetic variation in hosts and interactions
between host and pathogen genetic diversity, the very basis
for coevolution (58).

René Dubos and the Role of Genetic Factors in Infection. René
Dubos (1901 to 1982) was one of the great pioneers of
modern microbiology. In the 1955 article referred to above
(2), Dubos focused on how changing circumstances—such as
nutritional status or acquisition of (noninfectious) diseases—
may affect the status of the host and infection outcome,
but he did not consider the role of host genetics. Casanova
criticizes Dubos for neglecting the importance of inheritance
in this and in subsequent work and for not concluding
that immunodeficiency is the main factor determining the
outcome of an infection, as per the full-blown host theory

L.S.King, Dr. Koch's postulates. J. Hist. Med. Allied Sci. 7, 350-361(1952).
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P. Malfertheiner et al., Helicobacter pylori infection. Nat. Rev. Dis. Primers 9,19 (2023).
M. Pai et al., Tuberculosis. Nat. Rev. Dis. Primers 2, 16076 (2016).
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(3). It is argued that Dubos “was not clairvoyant or bold
enough to envisage or speak about such a revolution” (3).
This criticism is surprising to us since it is evident from
chapter VIl in Dubos’ book “Man Adapting,” first published
in 1965, that he was well aware of the role of host genetics
in infection (59), as reported in seminal work by Allison (54)
and Webster (60) during the 1930 to 1950s. Dubos also
discussed the classical rabbit myxomatosis studies (61),
which demonstrated adaptations of both pathogen and host,
and stated that “it seems reasonable to believe, but difficult
to prove, that genetic changes also occur in the resistance
of man to his pathogens.” The arguments put forward by
Dubos (2, 59) indicate that he acknowledged a role for host
genetics and immunity but that he likely favored a noncentric
view on infection biology.

Conclusions

Throughout evolutionary history microbes have adapted to
thrive in various harsh environments, including the arctic ice,
hot vents on the seafloor, sulfur-acidic lakes, and immuno-
competent host individuals. Our review of well-established
research emphasizes that pathogens, unlike environmental
triggers, have evolved specific strategies to harness and evade
functional host responses, promoting their ability to establish
infection and cause symptomatic disease in immunocompe-
tentindividuals. It also underlines that infection outcome can
be a product of an interplay between genetic diversity in the
host and in the pathogen, indicating that both organisms play
active roles. As such, we effectively falsify the universality of
the recently proposed full-blown host theory and, therefore,
its value as an intellectual framework in which to understand
infection biology. Instead, the available data support a non-
centric view that recognizes key roles for both the causative
microbe and the host in dictating infection outcome.

Data, Materials, and Software Availability. There are no data underlying
this work.
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