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Abstract

H istorical and most currently held views of microbial pathogenesis and virulence are
plagued by confusing and imprecise terminology and definitions that require revision
and exceptions to accommodate new basic science and clinical information about mi

crobes and infectious diseases. These views are also inherently unable to account for the ability
of some microbes to cause disease in certain, but not other hosts, because they are grounded in
singular, either microbe-or host-centric views. The damage-response framework is an integrated
theory ofmicrobial pathogenesis that puts forth the view that microbial pathogenesis reflects the
outcome of an interaction between a host and a microbe, with each entity contributing to the
nature of the outcome, which in turn depends on the amount ofhost damage that results from
the host-microbe interaction. This view is able to accommodate new information and explain
why infection with the same microbe can have different outcomes in different hosts. This chapter
describes the origins and conceptual underpinnings of and the outcomes of infection put forth
in, the damage-response framework.

Introduction to the Damage-Response Framework
The damage-response framework is a theory ofmicrobial pathogenesis that was first proposed

in 1999 in an effort to account for the contribution ofboth the host and the microbe in microbial
virulence and pathogeniciry,' Until that time concepts of microbial pathogenesis were largely
microbe-or host-centric, in that they attempted to explain microbial virulence in the context of
microbial properties or host susceptibility, respectively. Microbe-centric views regard virulence
and pathogenicity as singular microbial traits, e.g., as the result of the action of a microbial fac
tor or determinant that injures the host. Host-centric views regard virulence and pathogenicity
as host-dependent outcomes that result from a defect or deficiency in the host. In contrast, the
damage-response framework is neither microbe-nor host-centric but focuses on the outcome of
the host-microbe interaction andemphasizes that host damage is the common denominator that is
relevant to any host-microbe interaction. The damage-response framework reconciles microbe-and
host-centric views by incorporating the recognition that both the microbe and the host contribute
to pathogenicity and virulence. It is based on three tenets that are considered to be both obvious
and incontrovertible: (1) that microbial pathogenesis requires two entities, a host and a microbe
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and that the two entities must interact; (2) that the host relevant outcome ofhost-microbe interac
tion is damage to the host; (3) host damage can occur as a result ofmicrobial factors, host factors,
or both.2 These tenets are represented graphically by the basic damage-response curve, a U shaped
curve that depicts host damage on the Y axis as a function of the host immune response, which
is depicted from weak to strong along the X axis. The U shape of this curve illustrates that host
damage can be maximal in the setting ofa weak or a strong host response (Fig. 1).

Conceptual Origin ofthe Damage-Response Framework
The damage-response framework originated as a teaching tool in the graduate microbial

pathogenesis course at the Albert Einstein College ofMedicine in the mid-1990s. While teaching
we found it very difficult to convey to students the concept that some microbes were pathogenic
only in certain hosts using the then existing treatises on pathogenicity and virulence. The inability
ofeither microbe-centric or host-centric views to account for the late 20th century emergence of
diseases caused by microbes previously considered to be nonpathogens and the emergence ofthe
diseases caused by these microbes in individuals with immune impairment was the catalyst for
proposing a different approach to the problem.l Thcse microbes included Candida albicansand
Staphylococcus epidermidis, which emerged as leading causes ofbloodstream infections when they
had long been held to be nonpathogens.v? The late 20th century witnessed an unprecedented
increase in individuals with immune impairment due to predominantly 4 factors: (1) the use
ofplastic catheters to deliver intravenous fluids and medications in the hospital setting; (2) the
rise in antibiotic use, overuse and misuse," (3) the development and use of immunosuppressive
therapies for malignancy and to combat organ rejection in the setting oforgan transplantation;
and (4) the HIV/AIDS pandemic (Fig. 2). Each of these factors led to the emergence ofdistinct
populations ofindividuals with impaired immunity and it was among these individuals that many
microbes previously considered to be nonpathogens were associated with disease. The observation
that microbes previously considered to be nonpathogenic could be pathogens led to the concept
of microbial 'opportunism'? an unfortunate term that introduced the anthropomorphic view
that these microbes were somehow taking advantage ofthe host to cause disease. In fact, many of
the pathogens labeled as opportunistic were components of the normal microbial flora, such as
Candida albicansand Staphylococcus epidermidis. The convergent emergence ofdiseases caused by
microbes long held to be nonpathogens and newly emergent populations ofimmunocompromised
individuals brought to the fore that infectious diseases can only occur in susceptible individuals.
Although the veracity of this statement is immediately obvious, this notion is distinctly absent
in microbe-centric views which regard microbial virulence as a microbial property. The veracity
of this statement is further underscored by the fact that diseases caused by vaccine-preventable
microbes, eg smallpox, do not occur in immune individuals and that the clinical manifestations
of infectious diseases ofien reflect the host inflammatory response, in some cases, even in the
absence of the causative microbe. These points, which are largely agreed upon by the infectious
diseases and microbial pathogenesis fields, issue a serious challenge to prevailing definitions of
pathogenicity and virulence, since the same microbe could be either a pathogen or nonpathogen,
depending on the host.

The Lexicon ofthe Damage-Response Framework
A central feature ofthe Damage-response framework is a simple, selfexplanatory lexicon that

does not require exceptions or corollaries to define the components ofmicrobial pathogenesis and
virulence. The key to understanding the lexicon is that according to the damage-response frame
work, the essential components ofmicrobialpathogenesis reduce to two entities, hosts and microbes
and the damage that occurs in the host as a result oftheir interaction. Furthermore, the outcome
of the interaction can change as a function of time depending on the amount ofdamage that oc
curs in the host. The damage-response framework does not view pathogens and nonpathogens as
intrinsicallydifferent; based on incontrovertible evidence that the same microbe can be a pathogen
or nonpathogen, depending on the host. Hence, the terms 'pathogen' and 'nonpathogen' only have
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Figure 1. The damage response curve. Host damage is depicted as a function of the host
response along a continuum from weak to strong. A) The solid U shaped curve demonstrates
that certain host- microbe interactions confer a host benefit. The arrow (C) illustrates that the
curve can shift upwards. The arrows at each side of the curve (A, B) illustrate that the curve
can shift downward and to the left and right. B) Damage-response curves that reflect the
outcome of different host- microbe interaction can be derived from the basic curve. Examples
of microbes that result in these types of curves are as follows: Type l-Staphylococcus epider
midis; Type 2-Hepatitis A virus; Type 3-Aspergillus spp.; Type 4-Histoplasma capsulatum;
Type 5-SARS coronavirus; Type 6-Helicobacter pylori.
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Figure 2. The spectrum of infectious diseases 1900-2000. The prevalence of disease due to
the indicated microbes is shown on the Y axis as a function of time and the innovations and
factors depicted on the X axis.

meaning in the context ofa given host. The damage-response framework defines a pathogen as a
microbe with the potential to cause damage in a host.t This definition avoids linking the nature
of a pathogen to mechanisms by which it causes disease and encompasses microbial diversity,
which extends from microbes that invade host cells to those that do not. or are macroscopic, such
as Shigella sp and Vibriocholera and Ascaris lumbroides, respectively. to those that have a normal
niche. such as Candida albicans and Staphylococcus epidermidis, to those that are encoded by the
host. such as prions. Virulence is defined as the relative capacity ofa microbe to cause damage in a
host .t The term 'relative' is necessitated by the fact that. at present. damage cannot befully quanti
fied ; because precise readouts ofhost damage remain limited and available tools and platforms are
insufficient for quantification. Furthermore.virulence has been and continues to be a relative term
since any measurement ofvirulence is relative to a control condition or strain. Despite this gap.
there is little difficulty in identifyingor agreeing upon currently available readouts ofhost damage.
When host damage surpasses a threshold that maintains host homeostasis. clinical disease occurs.
W ith these definitions. the Damage-response framework dispenses with imprecise and confusing
terms, such as nonpathogen, partial pathogen. primary pathogen. opportunistic pathogen, com
mensal and saphyrophyte. The problems of imprecise and shifting terminology are immediately
apparent when one considers a microbe such as Candida albicans which is considered a com
mensal in most hosts. an opportunistic pathogen in patients with impaired immunity and even a
primary pathogen in women with no obvious immune deficit that suffer from candidal vaginitis.
The damage-response framework defines the term infection as the acquisition ofa microbe. rather
than to describe an illness or condition. This enables a more precise understanding of microbial
pathogenesis that is consistent with the fact that infection with a microbe is not synonymous with
it causing damage or disease .

The Damage Response Curve
The U shaped damage-response curve illustrates the complexorigins ofhost damage by depicting

it on the Y axis as a function ofthe host response along a continuum from weak to strong on the X
axis (Fig. 1). The curve is U shaped. because host damage can occur in the set t ing ofeither a weak
or a strong host response. The host response encompasses the full range ofhost immunity such that
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weak and strong responses lack essential components that are required for the normal, or appropri
ate, response, which results in a minimum amount ofdamage, most likelydue to counterbalancing
responses. For example, the response to a microbe ofien produces an initial inflammatory response,
which is later counterbalanced by a dampening of the response. The absence of an appropriate
initial or a counterbalancing response can each result in host damage. Damage in the setting ofa
weak host response often reflects microbe-mediated damage, such as that caused by the action of
microbial factors and damage in the settingofa strong host response ofien reflects host-mediated
damage, such as that caused by excessiveinflammation. Microbial factors that cause host damage
include capsular polysaccharides, toxins, proteases and components that are toxic to host cells.
Most ofthese factors cause more damage in the setting ofweak responses. Host factors that cause
host damage include immune complexes, cytokines, chemokines and microbicidal peptides. The
recognition that host damage can occur at the extremes ofthe host response underscores that the
outcome ofmicrobial infection is an interaction, whereby singular host responses are insufficient
to prevent or minimize host damage and an interplay that achieves a balanced response is most
successful at damage control. The damage-response curve is inherently flexible and can be used to
plot any host-microbe interaction.

The States ofInfection
In addition to depicting host damage as a function ofthe host response, the damage-response

framework also depicts host damage as a function of time. Hence, damage is a function of the
host response at a given time (Fig. 1) and damage is a function oftime for a given host response
(Figs. 3,4). According to this schema, there are 5 outcomes ofmicrobial infection: elimination;
colonization, commensalism, disease and latency (Fig. 3).3,10 Colonization, commensalism, disease
and latency are distinguishable by the amount ofhost damage over time. Changes between these
states occur, usually as a result ofa change in the host immune response (Figs. 3,4).

Colonization is a state in which the amount of host damage is potentially measurable, but
less than the disease threshold." Although the methodology for measuring damage in states of
colonization does not currently exist we note that this state is ofien associated with the develop
ment ofan immune response which may reflect the occurrence ofsome degree ofdamage that is
less than that which translates into disease. For most microbes, colonization is a transient state,

Eliminat ion

cOlm~70..'MO"~
Disease

If
Latency

Figure 3. The five outcomes of microbial infection. The interrelationships between colonization,
commensalism, disease and latency are depicted by arrows between the relevant outcomes.
Factors that induce change from one state to another include immunosuppression, reduced
barrier immunity (due to the insertion of vascular catheters), cytotoxic agents and therapy.
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Figure 4. The acquisition of the microbiota and transitions between commensalism, coloniza
tion and disease. The relevant state is depicted by a solid line, the possible transition states are
depicted by dashed lines. The transitions from infection to colonization (A) and from coloniza
tion to commensalism (B) occur early in life. The transition from commensalism to colonization
or to disease, directly or indirectly, can occur when the microbiota is disrupted or eliminated
due to invasion of skin or mucosal surfaces with catheters or surgery, antibiotic or cytotoxic
therapy, or immunosuppression, or when host factors compromise its functioning (C).

during which the microbe can be isolated from the host and may be evidence of a host immune
response. The types ofhost responses or damage that accompany colonization include serological
evidence ofinfection, cellular responses that result in tissue responses, such as granulomas or giant
cells and immune responses that result in inflammation and cellular recruitment. Whether the
stimulus for such immune responses is microbe-mediated damage is uncertain at this time. The
state ofcolonization can lead to elimination or transition to commensalism or disease. Elimination
can result from immune mechanisms, e.g., by an immune response to a respiratory microbe, such
as Streptococcus pneumoniae, or intervention, such as antimicrobial agents. Colonization transi
tions to disease when the amount ofdamage exceeds the disease threshold. This occurs when host
mechanisms or intervention fail to limit host damage. The failure ofhost mechanisms ofien reflects
weak or inappropriate immune responses, such as those that predispose individuals with antibody
and B-cell defects to disease with Streptococcuspneumoniae, or individuals with defects in cellular
immunity to disease with Cryptococcus neoformans. Colonization changes to commensalism fol
lowing microbial acquisition soon after birth.

Commensalism is a unique state in which host-microbe interaction that either provides a host
benefit or no outcome, rather than resulting in host damage.l? There is no host damage in the
state ofcommensalism. The state ofcolonization becomes indistinguishable from commensalism
when the amount ofhost damage attributable to colonization is negligible. Hence, Staphylococcus
aureus in the nares ofa chronic asymptomatic carrier may be indistinguishable from a commensal
microbe, with the caveat that in aggregate, some of the microbes that assume the state of com
mensalism impart a host benefit. The host is generally defined as the entity that microbes inhabit.
However, the number of microbes that inhabit the human body exceeds the number ofhuman
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cells, calling into question the definition ofhost. The gastrointestinal tract is inhabited by more
than 1013 microbes, with more than 100 times the number of genes as the human genome.'!
Hence, the state of commensalism provides a host habitat for vast and complex microbial com
munities. These communities collectively referred to as the microbiota include microbes originally
thought to be acquired soon after birth. However, an emerging body ofevidence suggests that the
human microbiota is even more diverse than previously suspected and influenced by a myriad of
host factors." The diversity amongst and the regulatory and immunomodulatory roles that the
human microbiota play has only recently begun to be unraveled, II principally through the use of
innovative techniques that allow for the identification ofunculturable microbes." In addition to
unculturable microbes, scoresofculturable Gram negative and Gram positive, anaerobic and aerobic
bacteria and Candida albicans inhabit the human host. The acquisition ofthese microbes can be
associated with damage and disease, such asnecrotizingenterocolitis and disseminated candidiasis
in infants. However, in most instances, the acquisition ofthese and other microbes is not associ
ated with disease. Microbes that inhabit the gastrointestinal tract are thought to contribute to the
development arid maintenance of natural irnmunity.lv" Although the microbial determinants
and mechanisms that stimulate immunity remain to be fully understood, the importance of the
microbiota for normal immunity is supported by evidence that host damage ensues when there is a
failure to acquire or disruption ofthe microbiota, When this occurs, there is a transition from the
state ofcommensalism to the state ofcolonization or ofdisease. The microbiota can be disrupted
by surgical intervention, antimicrobial therapy, cytotoxic agents and radiotherapy. In addition
to contributing to natural immunity, the microbiota play an important role in maintaining the
integrity of host tissues, through the elaboration ofprotective substances and via colonization
resistance, including mechanisms resulting in inhibition ofother microbes with agreater potential
to induce damage from gaining access to host receptors and tissues.

Disease is a state where host damage exceeds the threshold for clinical symptoms. The state of
disease can change to elimination with intervention or ifhost immune mechanisms are sufficient
to reduce the amount ofdamage to below the disease threshold. An inability to reduce damage
below the disease threshold can reflect a failure ofhost immune mechanisms or an intervention to
eliminate a microbe or control damage, or both. Interventions for infectious diseases endeavor to
treat or prevent the state ofdisease. Most available interventions focus on microbial elimination,
but such therapies ofien do not control the host response, because the state ofdisease often reflects
aspects of the host response that induce inflammation and enhance the inflammatory response.
The state ofdisease can change to latency, a state in which the microbe remains in the host and
vital, but induces damage that is below the disease threshold. The inability to reduce damage in
the state ofdisease ultimately results in chronic disease or death.

Latency is a state that is characterized by a microbial presence, whereby survival ofthe microbe
produces an amount of damage that is below the disease threshold." Latency does not have an
obvious host benefit although it is conceivable that changes to the immune system by continued
stimulation with microbial antigens forestalls the development ofother conditions, such as allergic
diseases (e.g., 'hygiene hypothesis')." For example, helminth infections have been associated with
protection against the development of asthma" and patients with positive tuberculin reactions
indicative oflatent Mycobacterium tuberculosis infection had reduced atopy;'? Latency is a state in
which a microbe survives in host cells in a manner that prevents it from elimination, ofien due to
factors that allow it to escape host immune surveillance. Mechanisms that enable latency include
the capacity for intracellular survival and persistence, such as for Herpes and other viruses, the
induction of tissue responses that contain and control growth ofthe microbe, such as granulomas
for Mycobacteria and fungi and residence in sequestered sites, such as for HIY. The state oflatency
can transition to disease with a change in the immune status ofthe host. Major risk factors for this
transition are diseases and interventions that impair host immunity, such as immunosuppressive
agents given for malignancy, inflammatory diseases and stem and organ transplantation and HIY.

In summary, the outcomes ofhost-microbe interaction result in 4 states, which differ only in
the amount ofhost damage, or benefit. The states are not fixed by the microbe, but by the amount
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of damage that ensues from a host-microbe relationship. Since the outcome of a host-microbe
interaction depends on host and microbial factors, knowledge of the nature of the host immune
response. host immune status and microbial factors makes it possible to predict the likely state
for a given host and microbe.

The Utility ofthe Damage-Response Framework
The utilityofthe Damage-response framework is reflected in its flexibility, ability to incorporate

new information and explain previous information that could not be accounted for by otherviews
ofpathogenesis and virulence. For example, the damage-response framework is able to account for
why previously rare diseases. such as those caused by Cryptococcosis neoformansand Pneumocystis
pneumonia occurred in epidemic proportions in individuals with HIV infection. Similarly, the
damage-response framework is able to account for the emergence of Candida albicansas a major
human pathogen in immunocompromised hosts. In addition to accounting for diseases in weak
hosts, the damage-response framework can also account for diseases with excessivehost responses.
such as toxic shock syndrome. Kawasaki disease. allergic aspergillosis and mediastinal fibrosis. An
important corollaryofthe damage-response framework is that infectious diseases can only occur in
susceptible hosts. This concept is central to understanding whether the outcome ofhost-microbe
interaction results in host damage, is neutral or beneficial.

Applications ofthe Damage-Response Framework

Education
The damage-response framework has proven to be a useful educational tool for teaching mi

crobial pathogenesis, infectious diseases, microbiology and immunology to graduate and medical
students. The advantages of teaching these disciplines based on a theoretical construct is that it
leads to the use of a more universal lexicon, which enhances communication and sharpens the
rigor and sophistication ofresearch questions.

Determining the Weapon Potentialofa Microbe
The lists used to categorize potential microbe-based weapons lack grounding in principles of

microbial pathogenesis. The concepts ofpathogenicity and virulence put forth in the damage-re
sponse framework were used to derive a standardized formula to determine the weapon potential
ofmicrobes based on the transmissibility ofthe microbe, the inoculum required to cause disease
and the time to disease.2o

,21 This formula provides a rationally based approach to assessing the
potential threat that a microbe could pose as a biological weapon. In view of the corollary of
the damage-response framework that infectious diseases can only occur in susceptible hosts, the
damage-response framework-based formula for weapon potential provides a strategy for counter
acting the threat ofmicrobial agents ofbiotcrror based on bolstering host immunity.

Providing Guidance on the Development ofNew Therapies
The Damage-response framework provides a conceptual basis for the development of new

approaches to preventingand treatinginfectious diseases.22,23 The functional outcome oftherapies for
infectious diseasesisthat they prevent or ameliorate the host damage that results in the state ofdisease.
Some diseases are caused by microbe-mediated damage. while others are caused by host-mediated
damage and others may result from damage due to the lack ofmicrobially produced factors. Some
diseases cannot be treated in hosts with impaired immunity and treatment of some diseases with
antimicrobial agents fails to ameliorate host damage. The recognition that host damage can occur
at the extremes of the host response issues a challenge to the development of therapeutics, since
approaches to counteracting the damage caused by microbial factors are inherently different than
approaches to counteracting damage caused by host factors. Treatment ofdamage due to microbial
factors requires a focus on enhancing the ability ofthe host to eliminate the microbe or neutralize
its components. whereas treatment ofdamage due to host factors requires a focus on reducing the
inflammatory response. Each of these conditions lies on a different part of the damage-response
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curve (Fig. 5). As such, intervention for a patient with damage caused by an insufficient response
could require enhancement of the host response with adjuvants, cytokines or immunostimulants.
In contrast, intervention for a patient with damage caused by an excessiveresponse could require
reducing the host response with steroids, immunomodulators or immunosuppressive agents. The
dichotomous origins ofhost damage in microbial pathogenesis and infectious diseasesprovide the
basis for a rational approach to the use ofimmunotherapeutic agents for infectious diseases.

RevealingNew Paradigms in Host Immunity
The Damage-response framework was used to re-examine the long held view that immunity

to intracellular microbes is mediated by the cellular arm of the immune system and immunity
to extracellular microbes is mediated by the humoral/antibody arm. 24 A new view was put forth
that antibody immunity can confer protection against a myriad ofintracellular and extracellular
microbes by classical and novel mechanisms that promote damage control.

Understanding the Role ofthe Host Microbiota in Health andDisease
Given that the damage-response framework does not view microbes as inherently pathogenic

or nonpathogenic, it views the complex microbiota associated with the human host in the con
text of the outcome of their interaction. Hence the interaction between a healthy host and the
host-associated rnicrobiota isessentialfor the normal development ofthe immune systemand fur host
nutrition and homeostasis. In health, the host-associated microbiota also provides a central layer
ofhost defense by occupying a niche and preventingother microbes from establishing themselves.
This community interacts with the immune system and may be regulated by immune responses to
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individual microbes or complex interactions with the microbial community. Consequently, health
is a condition whereby there is no disease. The state ofno disease de facto includes microbes in both
commensal and colonizing states, but the damage resulting from the host-microbe interactions
is below the disease threshold. However, the same microbe-host interactions that are associated
with health can lead to disease in situations ofeither a weak or excessive immune response. When
an individual develops acquired immune deficiency, the same resident microbes with which they
interacted in a state of normal immunity and health no longer subject to immune regulation or
control and interactions with them can now cause disease. At the other end of the spectrum, an
excessiveimmune response triggered by lossofimmune regulation, or perhaps transient interaction
with a microbe or allergen, could cause disease by damaging tissues in response to the presence
ofmicrobial antigens. Furthermore, immune responses to certain microbes can cause qualitative
and quantitative changes in the immune response that predispose to allergic diseases. For example,
experimental C. neoformans infection in rats does not cause clinical disease attributable to the
fungus but elicits an immune response that predisposes to allergic airway disease."

The simplicity and flexibility ofthe damage-response framework allows it to coexist easily with
otherviews ofimmunity such as the 'danger'26and 'hygiene' I? hypotheses. Although we note that the
damage-response framework does not depend on these hypotheses for its ability to accommodate
their views, its ability to incorporate them provides a measure ofreassurance for its veracity. In this
regard, we note that some types ofhost damage are analogous to the 'danger signals' postulated to
elicit immune responses by Matzinger," On the other hand, the damage-response framework view
that health is found at the vertex ofthe parabola (V-curve) which corresponds to the nadir ofhost
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Figure 6. Use of the damage-response curve to illustrate hypothetical outcomes of human
host-microbiota interactions. Host damage isportrayed asafunction of the host response,whereby
health is represented by an aggregate host response that controls microbiota-microbiota and
microbiota-host interactions to provide a host benefit (A). Host damage occurs when the host
response becomes more singular, either weak due to an insufficient response to the microbiota
or the loss, disruption or dysregulation of host-microbiota or microbiota-microbiota relation
ships (6), or excessive due to a disproportionately strong response to the microbiota or the loss,
disruption or dysregulation of host-microbiota or microbiota-microbiota relationships (e).
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damage is echoed by the 'hygiene hypothesis' which posits that health requires longstanding and
continued interactions with microbes to forestall the development ofallergic and atopic diseases.
Since the human host is in contact with thousands ofmicrobes and for each host-microbe interac
tion there is an appropriate damage-response curve, one can easily imagine that the net aggregate
ofthese responses gravitates towards a mean ofminimum damage to the host. Hence, we posit that
the aggregate curve ofall the individual host-microbe interactions between an individual and its
associated rnicrobiota is a Ll-shaped curve with the condition ofhealth requiring many types of
immune responses which serve to control the microbes and to balance one another (Fig. 6).
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