
Supplemental Material: A mathemati
al model of phago-1 
ytosis of C. neoformans2 The major �ndings in this system that are 
onsistently observed in experiments and reported3 in ([2, 13, 15℄) are an in
rease in the phago
yti
 index with the in
reasing 
on
entrations of4 free antibody and the prozone-like e�e
t, whi
h is a paradoxi
al de
rease in the phago
yti
5 index at higher antibody 
on
entrations.6 We assume that phago
ytosis is a result of atta
hment of mi
robes to ma
rophages and7 subsequent ingestion and that both pro
esses are fa
ilitated by the antibody bound to the8 mi
robe 
apsule and, possibly, to F
 re
eptors on ma
rophages. Therefore, the pro
esses9 involved in phago
ytosis are binding, of free antibody to mi
robes, as well as binding of10 free antibody to F
 re
eptors on ma
rophages. Atta
hment is a pro
ess in whi
h antibody-11 
oated mi
robes atta
h to ma
rophages. Ingestion is a pro
ess in whi
h mi
robes atta
hed12 to ma
rophages are internalized. In general, we assume that mi
robes are atta
hed to13 ma
rophages and subsequently internalized through me
hanisms that involve binding of the14 antibody already bound to mi
robes to available F
 re
eptors on ma
rophages. This assump-15 tion is validated by the fa
t that in the absen
e of IgG1 opsonin, there is essentially zero16 atta
hment or ingestion. It is possible that the antibody bound to F
 re
eptors 
ontributes17 to the atta
hment of mi
robes to ma
rophages through binding to available sites on the C.18 neoformans 
apsule. We expe
t that the 
ontribution of the se
ond type of the binding will19 50



be very small due to the rigidity of the binding sites on the 
apsule as opposed to 
exibility1 of the F
 re
eptors on the ma
rophage surfa
e, but we did not rule out this possibility a2 priori sin
e the experimental results indi
ated an in
rease in the phago
yti
 index at 
on
en-3 trations of free antibody high enough for most of F
 re
eptors to be o

upied by antibody4 within minutes. Mi
robes 
an also atta
h to ma
rophages through 
omplement re
eptors.5 In our phago
ytosis system there is no phago
ytosis mediated by 
omplement 
omponent 36 (C3). However, antibody binding to the 
apsule is believed to produ
e a stru
tural 
hange7 that allows dire
t intera
tions of 
apsular polysa

haride with the C3 re
eptor [14℄. Hen
e,8 atta
hment of antibody-opsonized 
ells to ma
rophages o

urs through both F
 re
eptors9 intera
ting with mi
robe-bound IgG1, and CR3 re
eptors intera
ting with a polysa

haride10 stru
tural motif. A

ording to the published data, [1℄, it takes on the average 15 minutes for11 an atta
hed mi
robe to be ingested. Here we investigate how the probability that a mi
robe12 will be atta
hed to and eventually ingested by a ma
rophage depends on the amount of13 antibody present and/or bound to both ma
rophages and mi
robes.14 We modeled the total amount of ingested mi
robes as a fun
tion of the antibody bound15 to the mi
robe 
apsule. The dependen
e of the rate of ingestion on the amount of antibody16 and per
entage of atta
hed mi
robes that are ingested have not been investigated to date17 and it is one of the possible future dire
tions in whi
h our model 
an be re�ned (see below).18 We propose a mathemati
al des
ription of phago
ytosis based on di�erential equation E-119 whi
h des
ribes the rate of 
hange of the total number of ingested mi
robes PI ; dPIdt = rTPF :20 51



We assume that the rate at whi
h the mi
robes are ingested is proportional to the population1 of non-ingested (free) mi
robes PF and introdu
e a fun
tion rT ; whi
h is the relative ( 1PF dPIdt )2 rate of phago
ytosis as a fun
tion of antibody bound to C. neoformans 
apsule and the3 number of re
eptors available. We 
all the fun
tion rT the eÆ
a
y of phago
ytosis.4 Phago
ytosis de
reases the number of free mi
robes and the rate of 
hange of the popu-5 lation of free mi
robes PF is:6 dPFdt = �dPIdt + �PPF (E-15 )7 The term �PPF represents the growth rate of the population of unbound mi
robes. For8 the purpose of this study we negle
ted the growth of the population of mi
robes during the9 observed time of phago
ytosis. We assumed that most mi
robes do not repli
ate while being10 phago
ytized sin
e the phago
ytosis is mu
h faster than the doubling time of C. neoformans.11 Furthermore, we assumed no intra
ellular growth sin
e intra
ellular yeast repli
ation o

urs12 several hours after ingestion [17℄, while the experiments modeled here were limited to 2 h.13 Therefore we have that PF = P0 � PI : The variables and parameters in our mathemati
al14 model are listed in Tables 1, 2 and 3.15 Motivated by the experimental results that indi
ate that the eÆ
a
y of phago
ytosis is16 a fun
tion of antibody bound to the C. neoformans 
apsule, we �rst studied binding of free17 antibody to the mi
robe 
apsule. Binding of free antibody to mi
robes and ma
rophages is18 52



des
ribed by the following three di�erential equations1 dAPdt = kFP (LP � AP )
F �DFPAP (E-16 )
dAMdt = kFM
FX �DFMAM (E-17 )
d
Fdt = � 1NAV (dAPdt + dAMdt ) (E-18 )2 The variables and parameters that 
hara
terize the antibody binding pro
esses we modeled3 are listed and des
ribed in Tables 2 and 3.4 The di�erential equation E-16 des
ribes the 
hange in the total amount AP of the anti-5 body bound to mi
robes. The �rst term des
ribes the binding of free antibody to mi
robes,6 and the se
ond term antibody disso
iation. 
F is the 
on
entration of free antibody (in7 mol/L) and LP is the total 
apa
ity of mi
robes for binding the antibody, that is the num-8 ber of antibody binding sites on the Crypto
o

us neoformans 
apsule.9 We adopted a general 
onvention that the on rate 
onstants are denoted by the letter10 k with two subs
ripts, say kXY ; where the subs
ripts indi
ate the rea
tion in question.11 Similarly, o� rate 
onstants are denoted by the letter D with two subs
ripts, say DXY ; where12 53



the subs
ripts again indi
ate the rea
tion in question. Therefore kFP stands for the forward1 rate 
onstant in the binding pro
ess of free antibody to mi
robes and kFM for the forward2 rate 
onstant 
onstant in the binding pro
ess of free antibody to ma
rophages. DFP and3 DFM are the 
orresponding disso
iation rate 
onstants and kFP = KPDFP ; kFM = KMDFM :4 The di�erential equation E-17 des
ribes the binding of free antibody to ma
rophages;5 
F is the 
on
entration of free antibody and X is the number of available F
 re
eptors on6 ma
rophages. The �rst term on the right hand side is the rate of the forward rea
tion, while7 the se
ond term is again a disso
iation term.8 We are aware that there are at least three types of F
-gamma re
eptors that 
ould9 intera
t with IgG1 [1℄. At this time there is not suÆ
ient data on their relative prevalen
e10 and binding aÆnities for murine IgG1 to model them individually. Hen
e, we use the term11 F
 re
eptor to denote all the re
eptor types that 
an intera
t with IgG1 through its 
onstant12 region.13 The di�erential equation E-18 des
ribes the de
rease in the 
on
entration of free antibody14 through binding of free antibody to mi
robes and to F
 re
eptors on ma
rophages. NA is15 Avogadro's number and V is the volume of a well (0.2 ml).16 The range of antibody 
on
entrations used in the experiments modeled here is well above17 the binding 
apa
ity of both ma
rophages and mi
robes (see Results). Therefore, in our18 preliminary analysis of the binding dynami
s and dis
ussion of the experimental setup we19 assumed that the 
on
entration of the free antibody was 
onstant, substituting 
F = 
020 54



in the remaining equations of our model, where 
0 is the initial 
on
entration of the free1 antibody. This assumption enabled us to solve the di�erential equation E-16 analyti
ally.2 We also negle
ted the possible redu
tion in available binding sites on C. neoformans due3 the atta
hed ma
rophages. The solution is the exponential fun
tion given by equation E-12.4 Equation E-11 was obtained in the similar way from equation E-17. In addition to 
onsidered5 AF to be a 
onstant, when deriving E-11 we also assumed that the number of available F
6 re
eptors X is LM � AM (see dis
ussion below).7 The last two equations in our model des
ribe the rate of 
hange of F
 and 
omplement8 re
eptors. Published results [7℄ imply that F
 re
eptors ingested during phago
ytosis of live9 
ells are degraded. The expression of the F
 re
eptors in su
h 
onditions is not restored to10 the level prior to phago
ytosis for hours. Therefore we 
an 
onsider that the F
 re
eptors11 initially present are e�e
tively removed from the 
ell after phago
ytosis and for the duration12 of our experiments. It is possible that some F
 re
eptors are replenished during the 
ourse of13 our experiments, sin
e F
 re
eptor a
tivation triggers synthesis of F
 re
eptors [12℄. However,14 sin
e the published data are 
ontradi
tory on this point, we did not in
lude synthesis of new15 F
 re
eptors in our model.16 Given that one ma
rophage 
an ingest numerous yeast 
ells, the number of mi
robes used17 in our experiments is 
onsiderably smaller than the phago
yti
 
apa
ity of the ma
rophages18 involved. Hen
e, for the purposes of this study we negle
ted the possible in
uen
e of the19 de
rease in the number of available re
eptors, both F
 and 
omplement, due to their removal20 55



through phago
ytosis on the eÆ
a
y of phago
ytosis.1 We also assumed that the population of ma
rophages is 
onstant, negle
ting the rather2 small growth rate: the doubling rate of normal J774 
ells is approximately 12 hours [6℄.3 Binding of free antibody redu
es the number of available F
 re
eptors for binding of4 mi
robe-asso
iated antibody. Di�erential equation E-19 des
ribes the de
rease in the number5 of available F
 re
eptors X due to binding of free antibody6 dXdt = �kFMXAF +DFMAM : (E-19 )78 We assume that the number of 
omplement re
eptors does not 
hange signi�
antly due9 to phago
ytosis, therefore Z is 
onstant in our model.10
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