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A key issue for the study of tuberculosis infection (TB) is to understand why individuals infected witiMycobacterium tuberculosis
experience different clinical outcomes. Elaborating the immune mechanisms that determine whether an infected individual will
suffer active TB or latent infection can aid in developing treatment and prevention strategies. To better understand the dynamics

of M. tuberculosisinfection and immunity, we have developed a virtual human model that qualitatively and quantitatively char-
acterizes the cellular and cytokine control network operational during TB infection. Using this model, we identify key regulatory
elements in the host response. In particular, factors affecting cell functions, such as macrophage activation and bactericidal
capabilities, and effector T cell functions such as cytotoxicity and cytokine production can each be determinative. The model
indicates, however, that even if latency is achieved, it may come at the expense of tissue damage if the response is not properly
regulated. A balance in Thl and Th2 immune responses governed by IFN; IL-10, and IL-4 facilitate this down-regulation. These
results are further explored through virtual deletion and depletion experiments. The Journal of Immunology,2001, 166: 1951-1967.

world for centuries. Today it is the number one cause ofnamely, macrophages, T cell populations, and cytokine mediators
death by infectious disease world wide with 3.1 million together with the pathogeM. tuberculosis We estimate parame-
deaths per yeaMycobacterium tuberculosis not only one of the  ters from current literature and explore others that are not presently
oldest microbial threats to human health; it is also one of the mosknown. We then use the model to perform a number of virtual
formidable, with an estimated one-third of the world population experiments predicting elements of the system that contribute to
infected. the different disease outcomes. This model makes specific predic-
TB is a unique disease in that 90% of all infections remainyjons concerning the roles of IL-10, IL-12, IFM-and IL-4 and

latent; however, 5% of infected individuals progress rapidly 0 gegcribes key elements of cell-mediated immunity that lead to la-
primary disease, and 5% of those who initially suppress infectior}ency or active disease.

later reactivate developing acute disease sometime during their Primary TB, the response following the first exposureMo
Ilfet!me (,1)' An }Jnderstandlng of Why, some |nd|y|dugls SUppresstuberculosis usually develops in the alveoli of the lung. When
TB infection while others develop active disease is still forthcom-

. ; ) . ) -~ droplets containingV. tuberculosisare inhaled, the bacteria are
ing. It is believed that host immune mechanisms are crucial in P M

o . . ) : Ingested by resident alveolar macrophages and begin to multiply
determining these alternative disease trajectories. . .
. ; T (2). Alveolar macrophages are an ideal targetNbrtuberculosis
An enormous body of literature exists regarding individual el- . )
ements of both bacterial mechanisms and the immune response their resting state, not only are alveolar macrophages poor at
TB; however, little is known about combined interactions or thedefs_troylng mycobactf_srla bisd. tuk_)ercuI05|_scan also |nh|b|t. their
balance between these processes. Additionally, data derived frofiPility o kill phagocytized bacteria, most likely by preventing pha-
murine models may not always accurately represent or predict th80Some-lysosome fusion (3-5). Clearance of resident bacteria by
human response, given that latent tuberculosis is common in hidlveolar macrophages is dependent on the presence of lympho-
mans but seldom seen in mice. To this end, we have developed @S as well as activation by IFi-released by Thi cells and
virtual model of the human cell-mediated immune response to inother cells of the immune response (such as NK cells and'CD8
fection with M. tuberculosisthat incorporates major elements of Cells) that migrate to the site of infection in response to chemo-
tactic signals generated by infected macrophages (6). If the mac-

rophage does not receive sufficient stimulation for activation, it is

T uberculosis (TBJ has been a leading cause of death in thethe host immune response critical to the course of TB infection,
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T cells are responsible for killing infected macrophages that ardhow extensive tissue damage may occur even if latency is
unable to destroy their resident bacteria. This is accomplished viachieved.
a Fas-Fas ligand apoptotic pathway (by CDRcells (12-14)) and
via other cytotoxic mechanisms such as granules and perforins (byirtual Model of the Immune Response to
CD8" and possibly CD4 T cells (14—18)). Bacteria are either M. tuberculosis
killed when their host cell is destroyed or released, becoming, aDur system is developed to model human TB at the site of infec-
least temporarily, extracellular. These bacteria may either infection in lung tissue. Our “reference space” for the model is bron-
resting macrophages or be ingested (and killed) by activated maehoalveolar lavage (BAL) fluid, and we measure all cells and cy-
rophages. Conversely, intracellular mycobacteria appear to hav@kines in units per milliliter of BAL. Although the possibility
the ability to down-regulate apoptosis of their host macrophageexists that the quantitative response differs between the airspace
which may prolong their survival within the protective intracellu- and the interstitium, we rely on the acceptance of BAL as a qual-
lar environment (19-21). itative predictor of lung environment (33, 34). We also note that in
During the course of TB, severe tissue damage may occur as & least one study, BAL has been shown experimentally to reflect
consequence of the immune response. This response may be nell populations in tissue granulomas, as well as local cytokine
diated primarily by T cells and activated macrophages. Thus, alguantities (35). We outline the major interactions among two bac-
though it is clear that the Thl-type response plays an importangerial populations, six cell populations, and four cytokines. For this
role in immunity toM. tuberculosisit must also be carefully reg- first modeling attempt, we do not include every cell potentially
ulated to ensure that severe tissue damage does not occur. Dowinvolved (i.e., NK cells, eosinophils, . ..) or every relevant cyto-
regulation of an ongoing Thil-type response is achieved via th&ine (i.e., IL-2, TGFB, TNF-q, . . .). Our first goal is to develop a
production of IL-10 and other cytokines that deactivate macro-model that represents the basic processes of the immune response
phages. If down-regulation is improperly achieved, then either theo TB. This model can then serve as a template on which to add
disease may not be arrested or extensive tissue damage can ather cells, cytokines, and interactions, as new data warrant, to

company latent infection. determine how their presence augments the system dynamics. A
. . complete mathematical description of the model is presented in

The Host-Pathogen Interaction with Appendix however, a conceptual description is given below. Ac-

M. tuberculosis companying each description is a diagram summarizing model

Within the TB literature, alternate theories as to why individualsfeatures.
have different disease outcomes after exposuid.ttuberculosis
have been proposed. Given the abundance of data pointing to t
role of various host susceptibility and resistance genes, it seenibhree populations of macrophages are included in the model: rest-
clear that a genetic component exists (22, 23). Nonetheless, a nurimg, activated, and chronically infected macrophages, denoted re-
ber of theories assert that specific components of the host immurgpectively byMg(t), M(t), andM,(t).

Thare may oxst  Ink bewween the gonetic and mmcine compoFieSinG macrophagesResting macrophagebK(0) are the class

nents; however, this study explores the immune response at th%f macrophages that may present Ag, phagocytize and kill bacte-

. . Ia, and secrete cytokines; however, they are less efficient at each
cellular level. Several of the immune theories focus on the centraﬁ y y

role of Th1/Th2 cross-regulation. In particular, it has been hypoth-Ofdt.?fese }l:[)roclze_ss?r? than actlvfa_treBd_ r?actroph;gei and therefrc: re play
esized that there is a switch from a Thi- to a Th2-dominant cell 2" erentrole in the course o infection. kesting macrophages

- . . . . . can become activated in response to lfFkbgether with exposure
mediated immune response leading to active disease as is seen_ih

other infections such akeishmania schistosomiasis, and HIV. 10 bacterial Ag (36-38). Resting macrophages can also become

However, attempts at isolating Th2 cells and Th2-type cytokinescmomcalIIy infected.

from the site of infection have not always been successful (24-26)activated macrophagesWe consider a macrophage activated if it
In fact, in several studies IL-4 expression in samples from infectedg i, 5 state in which it can efficiently phagocytize and kill myco-
individuals was shown to be lower than in those from uninfectedycteria. Activated macrophaged {(t)) are effective at killingV.
controls (27-29). This would seem to indicate that the role playeqyperculosisbecause they are more efficient at phagosome-lyso-
by Th1/Th2 immunity may not be a simple one. A second hypoth-some fusion than resting macrophages and also produce oxygen
esis is that a true switch from a Thl to a Th2 response does NQfgicals, NO, and other antimicrobial molecules. Although acti-
necessarily occur but, instead, that the relative strength of the Thi,teq macrophages play a crucial role in suppressidv.dfiber-
response determines latency or active disease inctB&efs. 30— ¢yjosisinfection, one consequence of their killing activity is some
32). We explore each of these hypotheses with the model.  gegree of tissue damage. Therefore, macrophage activation must
Although many aspects of the host-pathogen interactionMith - pe tightly controlled. The main cytokine that down-regulates ac-
tuberculoglshave been .studlled |nd|y|dually, there are no studiesijyated macrophages is IL-10. It down-regulates MHC Il expression
that examine the combined interactions of known elements of thgng NO production and overrides the antimycobacterial effects of
immune response and therefore no effective methods for assesSifeN-y on macrophages (39-41). Activated macrophages deactivate

the role that system-wide dynamics (such as Th1/Th2 cross-regysyer time when they are not given sufficient stimuli (42).
lation) may play in determining the course of TB infection. If we

are to understand the events that occur in the development ar@hronically infected macrophagesThe chronically infected
evolution of the immune response to TB, it is necessary to undermacrophage populationV((t)) represents an important class of
stand what elements contribute to the interactions in this dynamienacrophages. In this model, they contain a large a number of bac-
system. Thus, our goal is to develop a model that integrates knowteria but have not received adequate stimuli for activation (facili-
features of the host-pathogen interaction and then use it to tesated by bacterial factors). Such macrophages eventually lose the
theories regarding the role of specific cytokines in infection out-capacity to become activated and thus are unable to clear their
come, a switch from Thl to a Th2 response, and elements of thbacterial load (4, 5, 42, 43).

system that lead infection to disease or latency. We can also assessThus, chronically infected macrophages are the key reservoir

H\gacrophages
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for M. tuberculosis Bacteria within chronically infected macro- Bacterial subpopulations

phages continue to multiply; if this proliferation is unchecked by ayye model two distinct bacterial subpopulations according to their
cytotoxic T cell response, the numberMf tuberculosiswithina oy 40 ellular or intracellular status. Differences in bacterial loca-
chronically infected macrophage may approach the limit of they, (intracellular or extracellular) dictate growth rates and their

capacity of the macrophage to sustain bacteria (i.e., the maximgl|q i, soliciting the immune response and thus may be important
multiplicity of infection (MOI)). If the number of bacteria within in infection dynamics. To account for these differences, we repre-

a macrophage reaches this capacity (denotetpythe macro- sent the population of bacteria that resides within the protected

phage may be killed and the bacteria released into the extracellulgf, ironment of the chronically infected macrophage as intracellu-

environment. Alternatively, the bacteria may respond by slowingj, 15 denoted by, (t). Bacteria found anywhere except within
their growth and maintaining the viability of their host cell (44). A chronically infected macrophages are considered to be extracellu-

chroTically infe_cted macrophage may also be I_ysed by C# _lar TB, denoted byB(t). Bacteria that are found within activated
CD8" T cells via apoptotic or cytotoxic mechanisms (13—17_). Fi macrophages would be considered extracellular bact®gé)y.
nally, we note thaM. tuberculosisappears to have the capacity 10 1yig gigtinction allows extracellular bacteria to be vulnerable to

down-regulate T cell-mediated lysis of its host macrophage, eitheg; . iliing via activated macrophages, whereas intracellular bac-

by down-regulating receptor expression on the macrophage or bja may be killed only if the infected macrophage in which they
other unknown mechanisms (19-21). reside is lysed.

Cytokines

We model four key cytokines known to play a key role in the Results

course of human TB. Their principal effects included in the modelTo explore the model, we develop a mathematical system repre-
result in cellular activation, deactivation, and differentiation. senting the terms in Figs. 1-4 and then estimate the associated
parameters from literature (summarized Appendi}. We then

. o F . X ) oY simulate the model by solving the differential equations using an
ing an active immune response in TB, including dfeactlyatlon 0fappropriate numerical method. We discuss below the results of the
macrophages (39, 40, 45), inhibition of T cell proliferation (45, computational experiments in three general areas: disease outcome

46), and suppression of cytokine production by T lymphocytesy, ,oiments: damage parameter experiments; and virtual deletion
(46—49). IL-10 is produced primarily by macrophages in response, 4 depletion experiments.

to infection withM. tuberculosis(50-52) and is also produced in - 1,5 naative control, if there is nd. tuberculosipresent in the
smalle_r quantities _by Th2 lymphocytes. Additionally, in humans’system, should yield a result with resting macrophages at equilib-
who d!frer from mice, ThO and Thl Iymphocytes glso prOducerium (3 X 10°/ml) and all other populations and cytokines at zero.
”"1(_)' In response to IL-12 (53-55). This dlffere_nce N IL-10 pro- +p6 model easily satisfies the negative control experiment (data
duction may be an important place where murine models canngjq shown). The model also indicates that it is possible to be ex-
accuratc_ely predlct_the dlseas_e outco_me in humans; however, we af)%sed to an initial bacterial inoculum and then clear infection with
able to include this feature in our virtual model. no memory of that response (i.e., purified protein derivative (PPD)
d Negative) (data not shown). This outcome may indeed be plausible,
iven that it is thought that only 30% of individuals exposed to TB
yecome infected (i.e., PPD positive) (1).

IL-10. IL-10 plays a number of important roles in down-regulat-

IL-12. IL-12 is a key Thl-type cytokine. Produced by activate
and infected macrophages in response to Ag stimulation (56—60
IL-12 regulates the ongoing immune response, primarily by induc-
ing differentiation of ThO lymphocytes to Thl lymphocytes (61—
63), but also by enhancing the production of IFN64). Macro-
phage production of IL-12 is considerably enhanced when the

macrophage is primed with IFN<{56, 60); however, production is LeemTTTTT -
simultaneously inhibited by IL-10 (56, 59, 60). ol .
. Kj AN
< death k N
IL-4. IL-4 is considered to be the prototypical Th2 cell cytokine. . ‘“’ Ho) *
It is the cytokine that governs differentiation of ThO cells to Th2 /@ TB&IFN-Y \
. . . 1 |o
cells. As discussed _above_, the role of_ IL-4 in the IMMUNE responSe e yiment ¥ o 4 deactivation 2 gy death
to TB is controversial. It is involved in down-regulating and op- o e e—— _
. o @ IL;IO Ko
posing the development of a Thl-type cell response by inhibiting M- \W
ThO to Th1 differentiation (11, 65). PN LY )
TBg” @ - ~-[TB,} > N[M,] (maximal MOI)
IFN-v. IFN-vy, a Thl-type cytokine, is key to the development of "@ K7 burst
an effective cell-mediated responseMo tuberculosis IFN-y ac- '/_'
tivates resting macrophages, enhancing their ability to effectively ¥ @ ~CD4"/CD8* T cells
clear pathogens and also to release cytokines (36, 38, 66)yIFN- Kig gy Iysis
is also involved in the process of T cell differentiation by enhanc- ludleath EERE TB,
ing the rate of ThO to Th1l differentiation and by overriding oppo-
sition by IL-4 to this process (11, 65). FIGURE 1. Model diagram of macrophage interactions (see Equations
1-3 in Appendi}. Three populations of macrophages are included in the
CD4" T lymphocytes model: resting, activated and chronically infected macrophages, denoted,

. . . . respectively, byMg(t), M(t), andM, (t). The alphanumeric and Greek sym
We include in the model known interactions for CDA' cells. bols indicate the rates at which these processes occur. Solid arrows indicate

" . . . - .
CD4" T lymphocytes play two main roles in TB infection: the first ;jerations of cell state; dashed arrows indicate rate modifiers. Plus sign

is in the production of cytokines that govern the cell-mediatedingicates up-regulation; minus sign indicates down-regulation. This figure
immune response; the second is elimination of infected macrois coupled to Figures 2, 3, and 4 via T cell, cytokine, and bacterial inter-

phages via apoptosis. action terms.
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FIGURE 2. Model diagram of cytokine interactions (see Equations

7-10 inAppendiy. Four cytokines are tracked in the model: IL-12, IL-10,
IL-4, and IFN-y. The alphanumeric and Greek symbols indicate the rate
at which these processes occur. Fhindicates that multiple parameters
control the process. Long dashed arrows indicate regulation of other c

tokines; short arrows indicate production by cell type listed. Plus sign
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FIGURE 4. Model diagram of bacterial interactions (see Equations 11
and 12 inAppendi). Two bacterial populations are tracked: intracellular
bacteria B)) and extracellular bacteridf). The alphanumeric and Greek
symbols indicate the rates that these processes occur. Solid arrows indicate

S

alterations of cell state; dashed arrows indicate rate modifiers. Plus sign
indicates up-regulation; minus sign indicates down-regulation. This figure

is coupled to Figures 1, 2, and 3 via T cell, macrophage, and cytokine

interaction terms.

indicates up-regulation; minus sign indicates down-regulation. This figure
is coupled to Figures 1, 3, and 4 via T cell, macrophage, and bacterial

interaction terms.

Obtaining different disease trajectories

almost zero (Fig. B). Both intracellular and extracellular bacteria
undergo minor oscillations over time, which indicates that rounds
of bacterial growth may occur during the lifetime of latency. Also,

The main goal of this theoretical study is to explore what elementsyinor oscillations of the immune response occur in response to

of the host-pathogen interaction in infection with tuberculosis

oscillations in bacterial load. A key point is that whereas extracel-

lead the system to suppression or active disease. Thus, the syst@iilar bacterial load is almost zero, the intracellular bacterial load is
should exhibit both a suppression response leading to latency anglgher. These intracellular bacteria reside within a small number of
a response that fails to suppress infection leading to acute, primahyonically infected macrophages;3 X 10¥ml (Fig. 64). This
disease. Figs. 5-8 present representative simulations of the virtugday explain why it is difficult to detect bacteria in latent infection
infection model for two given sets of parameter values, one leading tissue samples miss the small number of chronically infected
to latency and the other leading to active disease. We show thgacrophages. The model predicts that it takes on average 1 year to

latent and disease outcomes together for comparison.

Latency. Figs. 5A—8A present the latency results of a virtual hu-

man infection. During latency, the extracellular bacteria load is

recruitment
Gl <Dpasmr
IL—]28ILIFN Y
proliferation ' 1)
1 death uTl
|@ '@ —
\J
M+M, 02 L4
{O)
[}
Y @ ‘-ﬂ»death
recruitment
IFNY
[}
K, ;9 . death Hr
:
l@ @
IL-4 o, | - =-MA+MI

recruitment

FIGURE 3. Model diagram of T cell interactions (see Equations 4—6 in
Appendi}. Three T cell populations are followeds,TT,, and T, cells. The

alphanumeric and Greek symbols indicate the rates that these process%

achieve latent equilibrium, although by 100 days infection is
controlled.

Fig. 6A presents the corresponding macrophage results for la-
tency. Resting macrophages in the absence of infection maintain
an equilibrium near 3< 10° cells/ml (67—70). Despite their con-
tinual recruitment, the drop in resting macrophages during infec-
tion indicates a gain (transfer) to either the activated or infected
cell classes. Activated macrophages parallel that oMhéuber-
culosispopulations, and oscillate in response to replication. During
latency, the final activation level is low, indicating that there may
be low level background immunity present to respond to persister
bacteria.

The cytokine IL-4 is extremely low during latency, and IRN-
is present but controlled by IL-10 which is present in slightly a
higher concentration than is found in active disease (). Pre-
dictions from the model for levels of IFN-and IL-10 in active vs
latent disease correlate well with results obtained from a recent
study measuring in vitro cytokine production §D4* T cell
clones obtained from BAL of human subjects with active and la-
tent TB (71). Additionally, predicted ranges from our model for
levels of IL-10, IL-12, and IFNy all correspond to a number of
studies quantifying cytokine levels at the site of disease in TB (50,
72, 73). Levels predicted for IL-4 are lower than those reported by
some studies from active TB patients (e.g., 12—1032 pg/ml in Ref.
72) but higher than in other studies that report undetectable levels
fSIL-4 at the site of infection (50). Thus, our model predictions are

occur. Solid arrows indicate alterations of cell state; dashed arrows indicat@/it_h_in experi_mentall_y obtained ranges, which eXhibi_t W_ide_ vari-_
rate modifiers. Plus sign indicates up-regulation; minus sign indicate@b!”ty-_we discuss in subsequen-t sectlons-how an intrinsic vari-
down-regulation. This figure is coupled to Figures 1, 2, and 4 via macro-ability in IL-4 production may be important in the course of TB.

phage, cytokine, and bacterial interaction terms.

Finally, Fig. 8A shows that during latency, Thl and Th2 cells are



The Journal of Immunology 1955

A B
6.0 10° : T . . 2.010° T T T T
,\ — —- Intracellular TB
N Il Extracellular TB
<C | 1.510° 4
m R | \
. . ~6 4010 - | -
FIGURE 5. Model simulation results foil. tubercu- = | “
losis A, Results when latency is achievel;results of = | \/\,—x _________ L
acute infection. Units are bacteria per milliliter of BAL. a ll v
They-axis scales are different ivandB, because there & S g
. . . . ) 210" B ~
are order of magnitude differences in bacterial amounts.G | . ~——
g I 5100+ ¢4 T e—— 3
|

/

|

I !

/ /
0

o I ] A " L 1 1
0 100 200 300 400 500 0 100 200 300 400 500
Time (days) Time (days)

present in similar numbers, whereas ThO cells are present in highdrevels of IL-10 are approximately the same, but slightly lower
numbers as an available source. than seen during latency, as has also been seen in recent experi-

) ] ) ) ) mental results (71). This follows because arresting the immune
Primary disease.Figs. -8B present active disease results of a response during active disease could be detrimental. AlsoIFN-

virtual human infection. The extracellular bacterial load grows ex-anq |L-12 production are both considerably enhanced in active vs

ponentially during primary acute infection once the intracellularinactive disease. These predictions also correlate well with ob-
bacterial load reaches the maximal capacity of chronically infected,gyed results in human subjects (68, 78).
macrophages (Fig.B. This reflects results from mouse models
with large bacterial loads at end-stage disease (25, 26, 74, 75). The o
level of infected macrophages is 600 times that which occurs durPifferences in disease outcomes
ing latency, and the level of activated macrophages is 20 times th&®arameters that govern the rates and behavior of interactions in the
during latency. This large activated macrophage response impliesnodel may change from individual to individual and over time
that tissue damage will likely be severe. We also note that Th2vithin an individual. The model reveals that changes in only cer-
cells correspondingly are present at levels 3 times greater than th&din parameters lead to the different disease outcomes in our virtual
of Thl cells and 60 times greater than during latency (in Fig. 7,experiment, either latency or active disease (see Figs. 5-8). Table
compareA with B). T lymphocyte-macrophage ratios and absolutel summarizes the parameters in the model that affect such changes.
cell counts for this and other activation scenarios generated by our Our primary finding is that the rate of T cell killing (via cyto-
model also correspond well with human clinical observations (67toxic or apoptotic mechanisms) of chronically infected macro-
68, 70). phagesK,,) governs infection outcome. High efficiency of T cell

In the model, IL-4 is present during active infection, although killing of infected cells, and consequently bacteria, maintains la-
its concentration is low enough that it may be undetectable (Figtency, whereas lower efficiencies lead to active disease. An im-
7B). In one clinical study examining granulomas from patients portant aspect of this result is the tradeoff between this igtg (
with acute TB, IL-4 mRNA and Th2 cells were present, but their and two others: the rate at which activated macrophages kill bac-
presence or absence did not correlate with clinical outcome (29)eria k,s); and sources of IFN-from NK or CD8" T cells ;).
However, several other studies have reported marked correlationkhis follows given that it is IFNy that activates macrophages and
between IL-4 expression and clinical outcome (76, 77). Our resultsvould thus indirectly effect bactericidal activity.
provide a possible explanation for these contradictory findings, When the value for the extra source of IRNs,) is decreased,
namely, that active disease can occur even when IL-4 levels argreater efficiency in T cell killing of bacteria is required to main-
low if other cell-mediated immune mechanisms are compromisedain the latent state (i.ek;, must increase). Conversely, if IF)X-
(We discuss further this variability in IL-4 in the next section.). levels are sufficient, the efficiency of T cell cytotoxicity required to
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maintain the latent state lowers (i.e., decreask jin Fig. 9pre-  within human subjects may indeed be significant in determining
sents different disease trajectorieskagis varied over a biologi  clinical outcome in TB.
cally reasonable range. Second, our results confirm that macrophages are key to deter-
A similar tradeoff exists between the rate of activated macrophagenining disease trajectories. Parameters that govern macrophage
killing of bacteria and T cell cytotoxicity; if macrophage function is activation k;), macrophage death rates,), and macrophage in
compromised, the T cell response must be more potent to contrdection rates K,) all drive the system to either latency or active
infection. However, when the rate of activated macrophage killing ofdisease depending on their values (see Table ).
bacteria is considerably increased (beyond values estimated from ex-
perimental data), latency is consistently achieved, even for severefy@Mage parameters
compromised T cell function. Each of these results indicate that level§issue damage incurred by the immune response as a consequence
of IFN-y from sources other than CD4T cells, as well as adequate of immune protection can be a significant factor in the suppression
macrophage function, can determine infection outcome. These results progression of tuberculosis. Thus, it is desirable not only to
also imply that CD8 T cells are likely key factors in the immune suppress bacterial infection but also to do so in the most efficient
response to TB. manner with respect to the magnitude of effector cell responses. A
Table | summarizes several other factors that contribute signifnumber of parameters in our model are intimately related to tissue
icantly to the outcome ofl. tuberculosisinfection. First, even in  damage as defined by the effector cell activity to TB killing ratios
the presence of adequate T cell and macrophage killing, high propresent during the response. In particular, variations in some pa-
duction of IL-4 by ThO cells ¢,,) may be associated with a shift rameters produce very little difference in bacterial load but can
from latency to active disease. Although IL-4 is frequently not significantly increase tissue damage. These damage parameters are
detected in pleural fluid or BAL samples either from mice or from listed in Table Il. Specifically, our model predicts that either an
humans (27, 50, 68, 79), several recent human studies have foumtcreased production of IFN-(by ThO (x,) or Thl (xg) cells)
evidence that enhanced IL-4 expression may be correlated witheyond a lower limit that would already control infection or a
active TB. In particular, markedly elevated concentrations of IL-4slower decay ratgs,) exacerbate damage. Also, if the rate of IL-4
in BAL fluid taken from patients with active TB have been re- decay increases or IL-10 production by resting macrophagg$ (
ported (72, 73). Another study found IL-4 mRNA expression from decreases, greater damage will occur. These results illustrate the
PBMCs to be significantly greater in subjects with active tubercu-intricate balance that exists between down-regulatory and up-reg-
losis relative to matched tuberculin-positive control subjects (76)ulatory immune components; immune activation is clearly re-
Yet another recent report indicates that increased production afuired for suppression of infection; however, when bacterial loads
IL-4 is particularly elevated in patients with cavitary TB (77). Our are adequately reduced, down-regulatory signals (such as IL-4 and
results suggest that this natural variability in IL-4 expressionlL-10) act to minimize tissue damage.
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Table I. Parameters that lead to disease from latent state
Symbol Latency Disease Occurs Explanation of Parameter Units

aqq 0.03 Increase IL-4 produced by, Eell pg/T, day

e 0.138 Increase Rate &M death 1/day

kg 0.04 Decrease Maximafl; activation 1/day

ks 0.9 Increase MaximaWi; chronic infection 1/day

Ki4 Maximal T cell killing of M, 1/day

if kjg=4.5x%x10" 1.3 Decrease k(s is rateBg killed by M, ml/M, day

if kys> 4.5% 1077 Any value Never

Ki4 Maximal T cell killing of M, 1/day

if s, =0.7 1.3 Decrease sf) is rate IFN+ by NK andCD8* pg/ml day

if s; = 0.6 1.4 Decrease

if s, =0.5 15 Decrease

if s, =0.4 1.65 Decrease

if s, =0.3 1.94 Decrease

if s =0.2 2.35 Decrease

if s, =0.1 3.35 Decrease

@ Latency threshold values are the values at which changes (increase or decrease) lead to active disease.

For long term reactivation in TB to occur in the virtual human parameters o, as, a,, S) that govern T cell recruitment and
infection model, one or more of the parameters listed in Table Igrowth, and production of IFN+ from sources other than Thl
must change from their latent value to a disease value over timeells. The data are presented as effects on the bacterial populations
This could happen over a short time period if some exogenoushowing how both short and long term loss of latency occurs when
factors are imposed, such as immunosuppressive therapy. Altethese parameters are altered. This example would mimic HIV in-
natively, the changes could happen over a long time frame repreection and progression with the loss of T cell immunity over time
senting aging or the development of a disease that has a long@rig. 1(B).
incubation or infection period (such as AIDS), both of which pre-
dispose a latently infected person towards reactivation. The model . . )
can capture each of these features based on changes in parametégual deletion and depletion experiments
(or in combinations of them) that govern the immune responseThe power of the model we have developed is that it now can be
However, the model indicates that unless some element(s) of theanipulated in a variety of ways to ask questions about interac-
system changes over time, long term reactivation cannot b&ons and rates within the system. By doing so, we can explore
achieved. Fig. 10 shows the results of altering immune responsexperimental outcomes on a scale that would be difficult, if not
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FIGURE 9. Parameter values dictate latency or active disease. We vary the parameter that governs T cell-mediated &p)pidsEsperform 10
experiments choosing 10 different values fqi, over an estimated range of values, from 0.1 to 20shows the total bacterial population with the
trajectories leading to latency (the solid bottom curves in the panel) and trajectories growing exponentially leading to active disease ¢dashed lin
Corresponding values are shown for other populations in the other three panels. Higher vakygtetat to latency; lower values lead to active disease.

A, Representative cytokine, IFM-B, total CD4" T cell population;C, activated macrophages. All units are per milliliter of BAL.
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Table Il. Damage parameters are those parameters that lead to exacerbated effector cell functions beyond what is needed to suppréss infection

Symbol Range Explored Maximal Damage Occurs in Explanation Units
a, (0.0, 0.5) Low range Jrecruitment byM, and M, To /MD day
as (0.0,0.2) High range IFNy production by T pg/T, day

a; (0.0,0.2) High range IFNy¢ production by | pg/T, day
a3 (0.0,0.1) Low range IL-10 production byig pgMg, day
Hig (0.0, 10.0) Low range Decay rate, IFN- 1/day

Wia (0.0, 10.0) High range Decay rate, IL-4 1/day

@ Each parameter was explored over a broad range, and indicated is the portion of the range where damage can occur.

presently impossible, to analyze with other approaches. For exanit-10 levels would not be significantly different, even in the ab-
ple, we can perform both virtual deletion and depletion experi-sence of IL-12.

ments in this human model for comparison with known experi- Lastly, we explore IL-10 deletion. In this scenario, our results
mental results in mice as well as perform new experimentsindicate that although the bacterial levels are lower than in the
Deletion experiments mimic knockout (disruption) experimentspositive control (Fig. B), suppression of infection occurs in an
whereby we remove an element from the system at day 0, beforgscillatory manner. Cells and cytokines cycle about the average
any infection is imposed into the system. This type of analysisyalue of 2x 10°/ml of BAL (see Figs. 5-8) with a variance of 10
allows us to elaborate which system elements control the estal(data not shown). Thus, IL-10 is a necessary regulatory cytokine
lishment latency. Second, we can simulate depletion experimentgy achieving steady state. Furthermore, although bacterial levels
by setting the relevant parameters to zero after the system hage |ower, IFNy production has not increased. This finding is
already achieved latency. These depletion experiments mimic, €.gonsjstent with observations in murine IL-10 knockouts that noted

the addition of Ab that can neutralize all available cytokine of oneinis same phenomenon (82). We explore this further using virtual
type. This analysis allows us to determine what elements Contm&iepletion experiments.

maintenance of latency.
Virtual depletion experiments.We next use our model to make

Virtual deletion experiments.We use our model to make predic- o . - . .
predictions on cytokine depletion experiments; we again explore

tions on cytokine deletion experiments; three cytokines, #N- :
IL-12, and IL-10, are explored. When the model is initiated with the three cytokines, IFNs; IL-12, and IL-10. To perform these
all IFN-y parameters and rates set to zero, we simulate aﬂFN_experlments, model simulations are done with parameters that lead

deletion model. The results indicate that the system goes to activrtg'e system into latency. Then, we deplete all cytokine from the

disease within 100 days (data not shown). This parallels results ifyStem- First, IFNy depletion reveals that although the system
both IFN-y knockout murine experiments where the mice die of eventually progresses to active disease, it happens over a long time

active TB within a short time (25, 74) and results in studies of"ame (500 days; data not shown). This indicates that once the
BCG immunization of two children with a rare genetic mutation SyStem has achieved latency, a small but insufficient number of
for the IFN-y receptor gene who suffered disseminated disease (8@ctivated macrophages present at the time of 4tiépletion lead

81). Similar results are obtained with the model for IL-12 deletiont0 @ slow but eventual progression to active disease. For the IL-12
(data not shown). Experimental data on IL-12 indicate that murinedepletion experiments, the results are quite different. Here, the sys-
IL-12-knockouts exhibit a lack of botfihl andTh2 cytokines in ~ tem is still able to maintain latency, although the bacterial load is
response to infection with BCG, with an absence of 1L-12 andmuch higher and the level of cellular activation is lower (data not
IFN-v, and no increases in IL-4 relative to control C57BL/6 mice. sShown). This implies that the system can more easily lose latency
Additionally, knockout mice exhibit severely impaired tissue-in- with minor changes to other parameters in the system.
flammatory responses, with strikingly lower numbers of lympho-  Finally, we explore IL-10 depletion (Fig. 11). When IL-10 is
cytes throughout the course of infection and impaired recruitmentepleted from the system after latency is achieved, there is an
of alveolar macrophages (26, 75). Our model anticipates each aibrupt increase in macrophage activation and h-Nroduction
these results and, additionally, predicts that at least in humanghat leads to a cascade of events suppressing bacterial numbers to
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one-third of what is observed during latency (compare Figwih effector T cell functions (cytotoxicity from CD2T cells as well
Fig. 11D). Once the bacterial load drops, the immune responses other cells such as CDST cells) must achieve a balance to
returns to equilibrium by 100 days at levels one-half to one-thirdcontrol infection. However, even if latency is achieved, it may
of previous latency values (Fig. 11). This appears to be driven byome at the expense of severe tissue damage if the response is not
a large increase in IL-4 (3 times its level), presumably compen-properly controlled. A balance in Thl and Th2 immune responses
sating for the lack of IL-10. A second virtual experiment whereby governed by IFNy, IL-10, and IL-4 facilitate down-regulation of
we deplete both IL-10 and IL-4 confirms this, because the bacterialissue damage. These results are further confirmed through virtual
load is still suppressed after 100 days; however, the amount adeletion and depletion experiments.
immune activation and thus tissue damage is twice as high. In this An explanation as to whether or not there is a clear-cut Th1/Th2
case, it is the lack of Ag stimulation that accounts for the eventuabwitch in TB is complex. Our model indicates that if the immune
down-regulation of the system. response is initially and dominantly Th2-type, then the system will
Our results from IL-10 deletion experiments did not indicate anproceed to active TB. However, if the system is initially and dom-
increased production of IFN: thus, the increase in IFN-when  inantly Thl-type, the result is not definitive. Suppressing infection
IL-10 is depleted was somewhat unexpected. Exploring further, wés dependent on a number of factors related to the strength of
simultaneously depleted IL-10 and IL-12, and this abrogatedeffector cell activity. However, even if latency is achieved, if ef-
IFN-vy production. This same effect has been noted in in vitro studfector cell function is not tightly regulated, severe tissue damage
ies; culture of PBMCs from TB patients with anti-IL-10 alone may occur. Down-regulation is governed by elements of both Th1-
induced increased IFN; whereas addition of anti-IL-12 abrogated and Th2-type responses. If the system achieves latency, does re-
the stimulatory effects of anti-IL-10 (83). Both the experimental activation occur due to a switch in immune control? Our model
and virtual model findings highlight the inherent complexity of results show that a weakening in the functional elements of either
efficient immune regulation; depletion of IL-10 before the immunethe Thil- or Th2-type response can lead to reactivation. Thus, a
response is initiated may actually facilitate the clearance of bacbalance in both arms of the helper T cell response are required for
teria at the cost of tissue damage. Depletion after latency has beauccessful suppression of infection.
achieved pulls the system out of equilibrium into oscillations. Virtually every study of TB infection ultimately seeks to deter-

Thus, IL-10 is a key regulator of the latent state. mine what factors lead to the development of active disease and to
understand the immune mechanisms involved in disease resolu-
Discussion tion. However, very few studies of susceptibilitylb tuberculosis

In this paper, we have presented a virtual model of the immunenfection have considered how subtle variations in the complex
response tdMl. tuberculosisthat characterizes the cytokine and interactions between individual components of the human immune
cellular network that is operational during TB infection. Using this response may influence susceptibility to TB. An understanding of
model system, we are able to explore the effects of perturbinghese effects is a necessary component in understanding how the
different factors in the immune response to TB, including expres-complex network of immune cells and cytokine signals governs
sion of cytokines; activation, deactivation, and recruitment of mac-the clinical outcome in TB infection. Although obvious defects in
rophages; T cell and macrophage effector mechanisms; T cell rehis network may predispose one to mycobacterial infections, in
cruitment and differentiation; as well as bacterial growth. First, thethe majority of cases, subtle defects or variances in the host re-
model is able to simulate three disease trajectories: latency; activeponse play a decisive role in determining which individuals sup-
TB; and reactivation. Using this model we are able to identify press infection witiM. tuberculosisand which individuals develop
which parameters govern the behavior of the system toward thactive TB.

different outcomes; factors affecting macrophage functions (such Recent evidence indicates that other elements of the host-patho-
as activation, infection and bactericidal capabilities) as well asgen interaction may be important in the immune responsé.to
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tuberculosis Data suggest thaED8" T cells are an important the face of complexity of the networks involved. Models of the
source of IFNy and may also be significant in killing bacteria, via host-pathogen interaction with bacteria are even more scarce (97—
cytotoxic mechanisms (18, 32, 84, 85). For purposes of the prese®9). Pilyugin and Antia (96) have explored general mycoparasite-
model, we have elected to include CD§ cells indirectly in two ~ immune dynamic models; however, this paper is the first to explore
ways: by incorporating an exogenous source of HENand by  a detailed immune response to a specific bacterial pathogen. We
accounting for enhanced CTL activity. Also the cytokine TNF- argue that these reconstructionist (100) models provide an essen-
clearly plays an important but potentially complex role in the hosttial complement for approaches used in immunological investiga-
response td/. tuberculosig86), not only by synergizing with IFN-  tions of TB and other diseases. The synthesis of elements that
in activating macrophages (37, 66) but also by playing a role in thecomprise the complex cytokine and cellular network is necessary
modulation of macrophage apoptosis (20) and granuloma formatioto understand how this dynamic system operates as more than the
(87). Subsequent models by our group directly incorporate botlsum of its parts.
TNF-a and CD8 T cell effector mechanisms.

As with any experimental system, our conclusions are limited byAppendix
the assumptions we make. However, a clear strength of the mogarameter estimation
eling process lies in the ability to quickly and easily compare the

. . . . .., Values for most rate parameters were estimated from published experi-
effects of including alternate assumptions into the model. W'thmental data, with weight given to results obtained from humans or human

respect to the model system under evaluation, we have considereg|is andM. tuberculosisspecific data over results based on BCG or other
alternate equation forms at each step of model development, vataycobacterial species. We outline below how we incorporate these data

idation, and prediction. We outline below several assumptions thafito the model. Estimates obtained from multiple studies are presented as
may impact predictions generated by our model. a range of values. On those parameters for which we have a range, or those

. . N . for which no experimental data are available, we performed sensitivity
First, a number of murine studies indicate that the cytokine réxnaiyses to obtain order of magnitude estimates. Recall from above that our

sponse tavl. tuberculosisnay tend to be either predominantly Thl units are cells per milliliter of BAL, and picograms per ml of BAL for

or Th2 at the site of infection in the lung (27). If this is the case, cytokines.

cells that simultaneously secrete both IFNnd IL-4 (ThO cells)  Growth and decay ratesae, @0 Mias M1 Mi1o Bg)- The decay rates

may not be seen outside of the |ymph node pr|m|ng site. However?f cytokines can be estimated from half-life given by the standard formula

a number of studies in humans provide strong evidence to the In2

contrary (71, 73). Both of these scenarios have been considered in "= Halflife

our model development. Additionally, we have modeled the effects

of Ag presentation’ which typ|ca||y occurs in the |ymph nodesy asThese values are obtained from experimental results and are summarized in

- . . . . - i Table Ill. As an illustration, we deriv, , the decay rate of IL-10. When
occurring at the site of infection. Future studies will specifically IL-10 was administered i.v. to hum:ﬁl\?olunteersyone study estimated its

investigate the role of this spatial component, and a two-compartsapt_jife to be 2.3-3.7 (101). A similar study estimated this quantity to be
ment model (lymph node and lung) including the role of dendritic2.7-4.5 h (102). Therefore, we estimate a rangeforms 2.3-4.5 h, and
cells and ThO cells in the lymph node is anticipated. Compartmenthus the decay rate of IL-10 lies in the range 3.69/day.,, = 7.23/day.

tal models of the lymph system and blood have contributed to A stimation ofy,;,, the decay rate for IL-12 is complicated by the fact that
t derstandi f AIDS o diatri ti tIL—12 is heterodimeric. The half-life for the IL-1B,, heterodimer was
greater understanding o progression In pedialric patentQqimated to be 14 h in rhesus monkeys (103); we use this as a baseline

(88) as well as progression of HIV in adults (89). estimate and explore ranges around the associated decay ratg ef
Another limitation is reflective of the field of human immunol- 1.188/day.

ogy in general; although one study reports that BAL is reflective of _Estimates of growth rates fdd. tuberculosiscan be obtained similarly,

with bacterial doubling time used in place of cytokine half-life. The dou-

cell populations and cytokine quantities in tissue granulomas (35)bling time for M. tuberculosismay differ depending on the strain used

to qu knowledge, no othgr SFUdieS h‘?‘ve specifica!ly addressgd th8cation of the bacteria (intracellular or extracellular), tissue type, culture
validity of BAL as a quantitative predictor of lung tissue cytokine conditions, and experimental procedure used to measure growth (104—
and cell concentrations. Thus, the possibility exists that immungL06). For theM. tuberculosidaboratory strain H37Rv, estimates of growth

response in the airspace may differ from that in the interstitium Within macrophages vary: 28.6 h (106); 28 h (107); 80-96 h (108) and
H P del P t yt' ti t be b d 36.2 h (104). When measured in tissue (mouse lung), H37Rv was estimated
owever, model parameter estimaton must be based on experf |, e a doubling time of 64.2 h (109). Therefore, we estimate the growth

mental results, which are currently limited primarily to BAL mea- rates of intracellular and extracelluldd. tuberculosisto be 0.17/day=<
surements in humans. Additionally, a number of studies cite the,;q = 0.594/day and 0.0/dast a,, = 0.2591/day, respectively.
validity of BAL measurements as a qualitative predictor of lung Baseline cytokine production parametera, e, @5, g, @y, 16, @17).

status and function (33-35, 90-92). However, a strength of th&kanges for cytokine production levels by various cell lines may be ob-
ined from ELISA either of in vitro cytokine production (57, 58, 60, 110),

. . t
model is that parameter values can easily be updated as new dapf%ural or BAL fluid from TB patients (50, 111). Results vary due to dif-

become available. ferences in experimental method, including ELISA used, purity and type of
Elucidating the immunological mechanisms responsible for thecell line used, estimates of cell concentration in fluid, and stimuli with
different courses of disease (i.e., latency, fast progression, and répecific or nonspecific Ag. In addition, cytokine production by T cell lines

S L . : ould be corrected to account for the frequency of Ag-specific cells
activation) not only aids in the design of treatment strategies baseﬂ:esent. As an illustration, we derivg, the rate of production of IFN-by

on traditional chemotherapy but also facilitates the development o?hl cells. In one study (51), 2.5 109/ml human CD4 T cells were
new approaches based on immunotherapy. These immunologicafimulated with live H37RaW. tuberculosisand autologous monocytes.
alternatives may also be used therapeutically, because augmentitfg\-y production was measured after 48 h by ELISA and was determined
present therapy is becoming increasingly important in the face of® b€ 2458 pg/mt= 213 pg/ml. An enzyme-linked immunospot assay was
multidrug-resistant TB. Thus, the model can now be used to exgiffogjo'mﬁfnﬂrteh;hsifﬁg;ggfeymogr@p\:v%dgg;gglgteelIS‘ determined to be
plore treatment in both chemo- and immunotherapeutic settings. '

Models of the cellular immune response regarding Th1/Th2- o 2458 pg/mkx 213 pg/ml
type immunity have been published in recent years (e.g., Refs. ° 2.5x% 10°cells pg/ml x 0.081X 2 days

93-96). Most are attempts to begin unraveling the complex Cytobr equivalently, thaty falls in the range (0.055 pg/cell day, 0.066 pg/cell

kine and cellular networks in the absence of a specific pathogeRay). Other experimental results produce similar estimates, giving a final
invasion. Each argue that models of this type will be necessary imange (0.02 pg/cell day, 0.066 pg/cell day) (50, 56).
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Cytokine interaction parametersin the highly complex cytokine feed- may be used to determine parameter ranges to explore in further analyses.
back system, some cytokines oppose each other; where one has an Upom a dose-response curve measuring fFNeuction vs bacteria/ml, we
regulatory effect, the other has a down-regulatory effect. Terms describin§ind that the effect of induction saturates when cells are stimulated with 10
these competitive effects between two cytokines on a particular rate arbacteria/ml, whereas IFN-production was nearly nonexistent in the ab-
described by cytokine interaction terms (see equations in the next sectionyence of Ag stimulation. Therefore, we estimajglies in the range of X
Three general types of parameters are estimated for each: a maximum rafé®-5 X 10* bacteria/ml. Table V summarizes these values.
a half-saturation constant; and a relative effect parameter. Their values are IL-10 effects on macrophage deactivation may be inferred from the
summarized in Table IV and outlined below. inhibitory effect of IL-10 on IFNy production (which is dependent on Ag
Maximal rates K, ks, ks, Wa,q - . .) describe the limiting rate of a pro ~ presentation from activated macrophages). This value can be estimated
cess when given maximal stimulation. They are equivalent to the standartfom dose-response curves yieldiggn the range (200 pg/ml, 500 pg/ml).
Vmax from Michaelis-Menten kinetics. These values may be obtained fromAs estimates foll,, at the site of infection tend to be somewhat lower than
dose-response curves generated from in vitro cytokine assays using celiis estimate (50, 72, 73), we explore the range (100 pg/ml, 500 pg/ml). In
stimulated byM. tuberculosisand varying levels of stimulatory and inhib- the absence of specific experimental data, other IL-10-related terms may be
itory cytokines. Half-saturation constants,{s;) are equivalent to the expected to fall into ranges that physiologically relate to the concentration
standardk, in Michaelis-Menten kinetics. These values are equal to theof IL-10. Table IV summarizes these values.
concentration of the stimulatory cytokine where the associated rate is halfeell recruitment and death term parameterd.ife spans for various cell
maximal and can be estimated from these same dose-response curves.types can be obtained from literature (113—115). From these values, esti-
Most cytokines have different concentrations at which their effects aremates of cell death rates are derived as 1/life span. Values obtained for
optimal (in picograms per milliliter). For example, IL-12 is typically these parameters are presented in Table VI.
present in concentrations of 100-200 pg/ml (57, 73, 111), whereag/IFN-  Estimates for cell recruitment parameters may be obtained from che-
is present in larger amounts, usually around 300-8®00 pg/ml (50, 72, motaxis assays (69, 116) and experimental measurements of the number
73). Relative effect parameterigf) adjust for these difference in values, and types of cells to be found in normal alid tuberculosisinfected lung
and we scale for the inhibitory cytokine in each case. These ratios argssue (67-70). Given T cell life spans, we may derive a reasonable esti-
estimated from cytokine assays of pleural or BAL fluid (50, 72, 73, 111). mate for the rate of flow of T lymphocytes from the infection site. Using
~Additionally, when one cytokine opposes the effect of another, maximalhis value and estimates for T cell counts at the site of infection, it is
inhibition may be<100%. Thus, percent inhibition termg fori = 1,-- - possible to estimate reasonable ranges for rates of recruitment of cell pop-
6) represent the amount of inhibition of the maximal response that occurg|ations. The rate of recruitment of resting macrophagé®)in the ab-
when an average level of inhibitory cytokine is present. Values fopthe sence of infections,) can be calculated from the uninfected control av
are obtained from assays measuring cytokine expression in the presenggage of 3-4x 10° cells/ml (67—69, 117). Assuming that resting

and absence of the |nh|b|t0ry Cy_tOkine and .Should be betWeen. 0.0 and l.%acrophages die at raﬁ% = 0.011, to maintain a Steady state popu|ati0n’
These effects are incorporated into the estimates for the relative effect pa; must lie in the interval

rametersf, f,, - - - f5) and thus are not explicitly written in the modeling

terms. As an example, we derive the three parameters associated with the 330M® 440M®
term that governs IL-12 production by macrophages, namely, sy =——.
ml day ml day
IY
“1°<|y + folyo + 53.)' Growth rates for activated T cells are based on the observation that they

divide several times per day (42); we therefore estimate that the doubling
The form of this term follows Michaelis-Menten except for the addition of time for aCD4" T cell is in the range 612 h, yielding, in the range of
the f5l,o in the denominator; this is the inhibition term. One study (56) (1.4/day, 2.8/day).
measured maximal rates of IL-12 (IL-12 p70) production by human mac- Parameters relevant to macrophage activation and deactivation may be
rophages in response to live H37R& tuberculosisand IFN-+y by prein- derived using data from assays measuring various aspects of activation
cubating 2x 10°ml human macrophages with an excess of Hrad 10 including up-regulation of MHC Il receptors, increases in IfFNroduc-
M. tuberculosishacteria per macrophage. IL-12 p70 protein in 24-h super-tion (47—49), and increases in rates of mycobacterial killing (36, 118). For
natants was measured by ELISA to be 55 pg/ml. Dividing by the numbeiinstance, expression of MHC Il on humaf tuberculosisinfected mac-
of macrophages, we estimate thgt, = 2.75x 10~° pg/cell day. In con rophages was measured by flow cytometry after 24 h in the absence and
trast, early treatment with an excess of IL-10 correlated with a mean depresence of 10 ng/ml of IL-10 (20). The mean fluorescence index in the
crease of 57% in IL-12 p70 protein (56). Thus, we would expectpghat absence of IL-10 was 73& 175; in the presence of IL-10, the mean
0.57. Another study (60) examining the effects of varying doses of yFN- fluorescence index was 467 175. Because concentrations of cytokine
on IL-12 production by mouse macrophages reports a dose-response curused were well above those found in normal lung tissue, we assume that
yielding an estimate fos; in the range 100< s; < 500. Furthermore, these values provide a reasonable estimate of maximal rates of macrophage
results from pleural fluid ELISA suggest a reasonable effector concentradeactivationk, ~ (467/730)~ 0.36.
tion ratio of IFN-y to IL-10 to be~10 (50, 73, 111). From this, we estimate Approximate rates of Th1/Th2 differentiation and the relative effects of
the relative effect parametéy = 4.8. Incorporation of results from several the cytokines IL-12, IFNy, and IL-4 can be estimated from intracellular
other similar studies (58, 59, 111, 112) extend this estimatig tf the staining followed by flow cytometry (7, 8). Rates of ThO to Th2 differen-
range (4.8, 65). tiation were measured by stimulating ThO cells with Ag via APC and 200
Other saturation parameters Other saturation parameters occur in terms U/ml of IL-4 (7). After 7 days, 85% of cells costained for IL-4 and IRi\-
of Michaelis-Menten form (see equations in the next section), and aréVhereas 14% stained for only IL-4. From these data, we estikyatethe
presented in Table V. Reasonable rangesfgrthe effect ofM. tubercu range (0.02/day, 0.7/day).
losis inducing IFN+y production from sources other than CDZ cells Effector mechanismsk, 4, kis, K17, Kig P, N, ¢;). Rates of T cell-medi
(such asCD8" T cells and NK cells) may be inferred from studies mea ated cytotoxic activity against infected macrophages may be obtained from
suring this effect in human PBMCs (58). Cell line-specific experimental cytotoxicity assays (13, 16, 20, 105, 119-122). Cytotoxicity is measured by
data are not presently available; however, estimates obtained using PBMGke formula

Table Ill. Cytokine decay rates and. tuberculosisgrowth rates

Name Range Reference Definition Units
Hia 2.77 103 IL-4 decay rate 1/day
M1z 1.188 103 IL-12 decay rate 1/day
Mi10 (3.6968, 7.23) 101, 102 IL-10 decay rate 1/day
Mg (2.16, 33.27) 127 IFNy decay rate 1/day

Qg (0.17, 0.594) 104, 105, 107, 108, 128 Growth rate, intracellular bacteria 1/day

ayg (0.0, 0.2591) 104, 105, 109 Growth rate, extracellular bacteria 1/day
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Table IV. Cytokine production and interaction parameters

VIRTUAL TB MODEL

Name Range Reference Definition Units
ag (0.02, 0.066) 50, 51, 56 IFN-by T, pg/T, day
a (0.02, 0.066) 50, 51, 56 IFN-by T, pg/T, day
ag 8.0x 10°° 60, 79, 111 IL-12 byM, pgM, day
A, 8.0x 10°® 60, 79, 111 IL-12 byM, pgM, day
g, (2.8%x 10°%,9.12x 109 16 IL-4 by T, pg/T, day
ay; (2.18% 1072, 9.12X 1079 16 IL-4 by T, pg/T, day
o (2.0x 104, 1.0x 109 53, 55 IL-10 by T, pg/T, day
a7 (2.0 X 1074 6.0 X 1073) 53, 55 IL-10 by T, pg/T, day
Qg (2.75% 1075, 2.75X 1079 56, 56, 60, 111 MakIL-12 from Mg pgMg, day
g (2.0x 103 6 x 103 53, 55 Max IL-10 by pg/T, day
a3 (1.1x 1073 1.25% 1073 51, 56, 59 Max IL-10 fromMg pgMg, day
Qi (1.1 X 1073, 1.25% 109 51, 56, 59 Max IL-10 fromM 5 pgM, day
Sy (360, 730) 16, 51, 129 Max IFNfrom CD8" and NK pg/ml day
S, (50, 110) Estimated Half-sat, IFM-on T, to T, pg/mi

S, 1, 2) Estimated Half-sat, IL-4 onglto T, pg/ml

S3 (50, 110) Estimated Half-sat, IFN-on M® activation pg/ml

A (50, 100) 64, 112 Half-sat, IL-12 on IFN- pg/ml

S5 (100, 500) 60 Half-sat, IFN+on IL-12 pg/mi

S5 (51, 58) 130, estimated Half-sat, IL-10, IF{Nen IL-10 pg/ml

s, (5, 100) 64 Half-sat, IL-12 on NK, CD8IFN-y pg/mi

Ss (100, 500) 20 Half-sat, IL-10 oM, deactivation pg/ml

Sy 100 53, 54 Half-sat, IL-12 on IL-10 pg/ml

fi (2.9, 410) 79 Adjustment, IL-4/IFN-on Ty to T, Scalar

f, (0.0012, 0.16) 79 Adjustment, IFNAL-4 on Ty to T, Scalar

fa (0.76, 3.2) 52, 79 Adjustment, IL-10/IL-12 on IF- Scalar

fs (4.8, 65) 59, 60, 79, 112 Adjustment, IL-10/IFNen IL-12 Scalar

fs (0.025, 0.053) 59, 79, 130 Adjustment, IFN4L-10 on IL-10 Scalar

2 Max, Maximal; Half-sat, half-saturated; ® macrophage.

Experimental releaséCr — spontaneous releastr Evidence suggests that TB inhibits apoptosis of its host cell primarily
ki = Maximal releasé'Cr — spontaneous releaSer via indu_cti_on of IL-10 (19, 20, 12_1, 126). Therefore, TUNEL assay for
apoptosis in the presence of varying doses of IL-10, and in the absence of
Using this assay, reported rates ©D4" T cell-mediated lysis of macro-  1L-10 (by using anti-IL-10) is a reasonable method for quantifyinghe
phages range from 0.5 (119), 0.6 (15), and 0.4 (16). This estimate repréFB-mediated inhibition of macrophage apoptosis. Using this method,
sents killing by CD4 T cells. Similar estimates were obtained for CD8 ~15% of cells registered as TUNEL positive in the presence of 20 ng/ml,
T cells, ranging from 1.0 (17), to 0.3 (15, 123). Because CD&ells are  whereas in the absence of IL-10 nearly 50% were TUNEL positive. There-
not directly included in the model, we sum the values for CDBcell fore, (1 — p) = (15/50)= 0.3, implyingp = 0.7. Table VIl summarizes
cytotoxicity with the CD4 estimates to include their effects indirectly.  these parameter estimates.
Estimating the rate-activated macrophages Milltuberculosis(k, ) is
complicated by several considerations including: type of model system
(murine vs human), type of bacteria usétiCobacterium avium-cellulase  Model equations
BCG, H37Ra, H37Rv), and the fact that bactericidal effects of activated
macrophages have been shown to be dependent on the presence of lyM¥e model human TB infection at the site of infection in the lung by track-
phocytes as well as IFN; making it difficult to distinguish whether killing  ing the interactions between two bacterial populations, six cell populations,
is due solely to activated macrophages. Therefore, we have derived es@nd four cytokines using nonlinear, ordinary differential equations to de-
mates from available data (6, 37, 124) and used these estimates as a badfsibe rates of change. These 12 populations are placed into 4 groups: 1)
for parameter exploration over a range. Depending on the value fthe macrophages; 2) CD4T lymphocytes; 3) cytokines; and 4) bacteria. Note
maximal rate of cytotoxicity of T cells on infected macrophages) the valuethatT(t) = To(t) + T,(t) + T,(t) represents the total activated CDZ cell
of kys > 4.5 X 10 7 ml/cell/day, leads to latency (see Table I). population, and(t) = Bg(t) + w- B,(t), where 0= w = 1. This accounts
To estimateN (the maximum MOI of chronically infected macro- for the possibility that intracellular bacteria make a diminished contribution
phages), values of per-macrophage bacterial counts were obtained (108, overall Ag stimulation because they are within chronically infected mac-
125). We take the upper limit of observed counts in the range of 50 to 10@ophages. Unless experimental data or mechanistic considerations indicate
bacteria/cell to be the maximal carrying capacity of infected macrophbijes ( otherwise, all effects mediated by bacterial Ag are assumed to be a function

Table V. Other bacterial and macrophage-related saturation parameters

Name Range Reference Definition Units
Cg (5 X 10% 5 X 10°) 37 Half-sat® bacteria onVi activation B /ml
Co (1 x 10°, 1 x 10%) Estimated Half-sat, bacteria on chronic infection Be /ml
Cio (1 X 10° 5 x 10% 58 Half-sat, bacteria on IFN-by CD8" B /ml
Cip (1 x 10% 5 x 10° Estimated Half-sat, total bacteria IL-10 ibyg B /ml
Cia (1x 10% 1% 10°) Estimated Half-saM, on IFN-y by CD4" M, /ml
Cis (1 X104 1 x 10°) Estimated Half-saM, on T, proliferation My /mi
Cig (5 X 104, 5 X 10°) 56, 58 Half-sat, bacteria on IL-12 by, B /ml
Cog (1.5 X 10°, 1.5 X 10°) 131 Half-sat, bacteria oM recruitment byMg B /ml

2 Half-sat, Half-saturated.
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Table VI. Cell recruitment death and differentiation term parameters

1963

Name Range Reference Definition Units
a, 0.05 116, estimated M&XT, cell recruitment To /MD day
ay (1.4, 2.8) 42 Max growth rate for T 1/day

ag 0.0528 116, estimated Max, /T, recruitment T/IM® day
ay, (0.03, 0.05) Estimated Mg recruitment byM,, M, 1/day

(25 (0.01, 0.07) 131, estimated MaMg recruitment byMg 1/day

Svi (330, 430) 67-70, 117 Mg source M®/ml day
Ha 0.011 132 Death ratevi, 1/day

e 0.011 132 Death ratévig 1/day

W 0.011 132 Death ratey, 1/day

Kaa (0.3, 2.0) Estimated Deactivation rafd, 1/day

oy 0.3333 114 Death rate, T 1/day

oy 0.3333 114 Death rate,, T 1/day

oy 0.3333 114 Death rate,, T 1/day

Ks (29x 1074, 1.0x 1079 8, 62 Max T, to T, rate mi/pg day
ky (0.02, 0.7) 8, 62 Max Jto T, rate 1/day

ks (0.2, 0.4) Estimated Chronic infection rate 1/day
kg (0.2, 0.4) Estimated Mg activation rate 1/day

Kk, (0.36, 0.4) 20 M, deactivation by IL-10 1/day

& Max, Maximal.

of By(t). Although quantities are time dependentotation has been sup
pressed for ease of presentation and that within equations, the appearartbat macrophages die and are replaced by new macrophages from the blood
of the parametee represents a small positive constant to keep the denomeven in the absence of infection. When bacteria are present, additional
inator bounded away from zero. Each population in the model is timeresting macrophages are recruited to the site of infection in the lung in
dependent, but we suppress thg’ ‘iiotation for ease of readability.

Macrophage dynamics.Equations describing macrophage dynamics dur- ratesa, andwe, (where 0< w < 1), respectively, and by resting maero

ing M. tuberculosisinfection are given by

B,
(BT + ‘“48) - k4MA< 10

dMg
W = Su + Ot4(MA + WM|) + 0(21MR
Be
— kMg Btc) ksMg

S Cg
+ :UVdaMA<|y + SB)(BT ¥ Cg) - Mg

dMm, , \( B
dt k3MR<Iy + %)(BT + cs) - k“MA<Im+ S

S G
Iy+ss><BT+cs) ~ HaMa

- I-LdaMA<

dMI*kM Be KM B"
Tar - eMe{g g, ) M

T+M,

_k14M'<(TT/M|)+c4

B+ (N M)™+e

B,
)(1_pB.+N M.+e>_“'M'

)

@

@)

@)

should remain at the equilibrium valdé, = s,/u,. This is reasonable, in

response to chemokines released by activated and infected macrophages at

phages when exposed to Ag, at maximal raje

On reaching the site of infection, resting macrophages may become
activated in response to IFi{l,) and exposure to Ag, at a maximum rate
of ks, giving a loss term for Equation 1 and a gain term for Equation 2.
Unless they are given further stimulation by IFNand Ag, activated mac-
rophages revert to the resting state, at rafe Activated macrophages may
also be deactivated by IL-10, at a maximal réte and undergo natural
death, at ratqu,.

Resting macrophages that are unable to clear their bacterial load may
become chronically infected, at maximal rate Chronic infection of a
macrophage may result in death of the cell; the rate of this process is
determined by the number of bacteria living within chronically infected
macrophagesB((t)) relative to the number of chronically infected host
cells (M,(t)). Assuming that the average maximal per macrophage carrying
capacity (MOI) isN, then the carrying capacity for the entire population of
chronically infected macrophages is givenM,(t). When the number of
intracellular bacteriag(t)) is nearN M,(t), we assume that approximately
one-half of the chronically infected macrophages will contain bacterial
numbers exceeding their maximal carrying capacitiloThus, the rate of
death due to infection itself will be one-half of the maximum rate(the
mathematical form of this term is discussed in more detail below for Equa-
tions 11 and 12). Chronically infected macrophages may be eliminated via
apoptosis by CD# T cells, at a maximal rate d€,,. Both CD8" T cells
(indirectly) and CD4 T cells (directly) account for the cytotoxic effects.
The actual rate of this effect will depend on the E:T rafig(t):M,(t), and

For the resting macrophage population, there is both a source of news half-maximal when this ratio is equal ©,. Finally, we assume the
cells coming into the sites(;) and death of cells that stay the remainder of intracellular TB populationE(t)) is capable of opposing the death of its
their life span ¢u,Mg). With no infection, the macrophage population host cell; this effect is represented by

Table VII. Parameters involved in T cell effector mechanisms

Name Range Reference Definition Units
Cy (5, 20) 13, 16, 105 Half-sét,T+ to M, ratio for M, lysis T+ /M,

Ky4 (0.7, 1.6) 14-16, 105 Max T cell lysis o, 1/day

k17 (0.05, 0.5) 120 MaxM, death due to bacteria 1/day

Kis 1.25%x 1077 37 Max killing of bacteria byM, ml/M, day
Kig (1.25% 1079, 1.25% 1079) 37 Max killing of bacteria byMg mi/Mg day
p 0.7 126 Max % inhibition of apoptosis

N (50, 100) 106, 108, 125 Max MOI d¥l, B, /M,

a

T

alf-sat, Half-saturated; Max, maximal.
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1 < B, ) CD4" T lymphocyte dynamics.
PlB+NM +e d, Ma
ot a;(Ma + WM) + ;T M. +c.) HroTo
wherep denotes the maximal percent effect®ft) on this process. R
Cytokine dynamics.Equations describing the rate changes of the four cy- l Iy
tokines in the model are given are as follows. Each equation is comprised - %(m)'l{ro - kv(m)% (8)
of terms accounting for cytokine production from different cell lines as well v T4 472y
as cytokine half-life. dm, l,
— = az(Ma + WM) + &(7>|12T0 — prily 9)
+ fil, +
d, < B, I, e M, dt I, +fil,+5
a7SQI3T'*‘010 lo+s)  “H \Ma+t e dTz _ 4
| dt =~ az(Ma + WM)) + k; L+, +5 To = pral2 (10)
12 A
+ a7<| I &)(M o )To ~ Rgly 4 T cells arrive at the site of infection either as fully differentiated Th1 or
127410 AT TS Th2 cells or as ThO cells. Their recruitment is induced in response to
di signals released by infected and activated macrophages. The net rate of ThO
12— Mg + M, cell migration per signaling macrophagedis, whereas the corresponding

dt rate for fully differentiated Thl and Th2 cells és,.
| On arrival to the site of infection, ThO cells may undergo further rounds
+ Y Br Me — I 5 of proliferation in response to stimulation by activated macrophages, up to
Q0 T R~ Mui2l12 %) . . . . .
[, +fslio+ 55/ \Br + Cig maximal ratex,. ThO cells differentiate into either Th1 or Th2 cells, where
Th1 differentiation is enhanced by IFiand IL-12, up to maximal ratk;,
dllo_ Br S and is opposed by IL-4. The rate of Thl differentiation is half-maximal
dt Mg B + Cpp + a1 Ma lio+ fol, + S5 when the concentration of IFN-is s,. Conversely, if ThO cells are stim-
Y . . . .
ulated by IL-4, they are induced to differentiate to Th2 cells, at maximal

l12 ratek,. This rate is half-maximal when the concentration of IL-4 reaches
+ aypTy + ag7To + gl s Mol 10 (6)  Th2 differentiation is opposed by IFN-Finally, all three classes of T cells
12 have a finite lifetime and die at rates, w1, o, respectively.
dl, Bacterial dynamics. Equations describing the interactions and growth of
Gt = ot ol = puals (7) M. tuberculosisare given by

d

IFN-v is produced by Th1 cells at rate, and by ThO cells at maximal TE:E = a0Be — KisMaBEe — KigMeBe + By
rate a, in response to Ag presentation by activated macrophages. Produc-
tion of IFN-y by ThO cells is enhanced by IL-12 with saturable kinetics and B" N B
is opposed by IL-10. Actual levels of production are dependent on the  + kN M,(ﬁ) - k2(7>MR<7E) (11)
relative levels of IL-12 and IL-10. Finally, IFN-decays at ratg. Other B+ (NM)™ + € 2 Be + G
sources of IFNy, including NK cells andCD8" T cells, are also believed Bm
to play a role in TB infection. Because these cells are not accounted for iISIE = a193|<1 — 7'>
the model directly at present, we include the source tegnio account for ~ dt B'+ (NM)™+ e
this extra production. This source is a function of the bacterial concentra- m
tion and IL-12, implying that the degree of infection and IL-12 stimulation “kNM B K ﬂ M Be
governs this extra source (26, 75). TETNBM+ (NM)™ + € 2\2) "R\ B + ¢

IL-12 is produced by activated macrophages at rafeby infected
macrophages at rate,,, and by resting macrophages up to maximal rate T+/M, B,
a0 in response tdvl. tuberculosis This production is enhanced by IFX- — kN M|((-|- M) + ¢ )(1 “PEINM T E) - mB (12)
and is opposed by IL-10. i * ! !

IL-10 is produced primarily by resting and activated macrophages. Extracellular bacteriaBg) grow at maximal ratev,, They are killed by
Resting macrophages produce IL-10 at maximal eatgafter phagocy-  either activated or resting macrophages at rateandk,g, respectively.
tosing (or other interactions withl. tuberculosis This production is op-  Exchange terms between the intracellular and extracellular compartments
posed by both IFNy and IL-10 itself. To capture this effect, we denote closely parallel terms describing the dynamics of the infected macrophage
baseline production of IL-10 by infected macrophages.a®g(t). Since population (see Equation 2). Intracellular bacteBg pbecome extracellu-
IL-10 or IFN-y inhibit this production (either individually or jointly), this  lar when their host macrophage is killed via the infection and not via the

inhibition is represented by CTL response. Assuming each infected macrophage carries Npbaz-
teria, the term describing this effect is the same as the corresponding mac-
lio+ fel, rophage term except that the maximal rate for the bactemtimes the
g w0+t fl, + s’ maximal rate for the host population (ky;N). Extracellular bacteria be-

come intracellular when their host macrophage becomes chronically in-
where s; represents the Michaelis-Menten half-saturation constant forfected. We assume that such a macrophage carries approximately one-half
IL-10 and IFN-y inhibition of IL-10 production. Together this process is Of its carrying capacity, ol/2 bacteria, and therefore the maximal rate for

then written as the bacterial dynamic is given b N/2. Natural life spans of chronically
infected macrophages are modeled separately from cytotoxic terms, and
l1o + fol, S exchange of bacteria between extracellular and intracellular compartments
a13Mg — a3 o+ fal, + 56 Mg = als(m>|\ﬂa due to this dynamic is modeled via the tepyB,.

Dynamics of bacteria existing within the intracellular environment of a
chronically infected macrophage are described by the second equation.
Intracellular bacteria may continue to grow in an unregulated manner,
eventually causing the death of their host macrophage. Alternatively, it has
( B, ) been suggested that bacterial growth may be limited in some manner (44),

To account for Ag exposure inducing IL-10 production by resting macro-
phages, we append the entire term by

presumably as numbers within an individual cell approach the maximal
carrying capacity. We incorporate and test the latter assumption into the
éerm describing intracellular bacterial growth,

Br + Cyp,

Although macrophages are a primary source of IL-10, it is also produce
by all three subsets &D4" T lymphocytes, at rate; by Thl cells and B"
a,, for Th2 cells. Production of IL-10 from ThO cells is dependent on 0‘19BI<1 - W)
IL-12 up to a maximal ratey, . ! !

Finally, IL-4 is produced by ThO cells at raég, and by Th2 cells atrate ~ We estimate the value of the exponemt 2. Growth occurs at or near the
a,,. IL-4 has a known half-life, decaying at rate,. maximal rate ofx, 4 until the intracellular bacterial population size reaches
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the carrying capacity (given b M,) of the chronically infected macro

phage population. When this capacity is reached, bacterial growth is
sharply reduced. The mathematical form of this term describes a S|gm0|dal
curve, based on the form of a Hill equation:

B
B+ (NM)" + ¢

Finally, intracellular bacteria are assumed to be killed when their host

macrophage is lysedaia T cell-mediated defense mechanism; we assume
that N intracellular bacteria are killed for each macrophage that is elimi-

nated, giving a loss term with maximal ratg,N.
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