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Abstract
11

Malaria, a disease caused by parasites of the Plasmodium genus, begins when Plasmodium-12

infected mosquitoes inject malaria sporozoites while searching for blood. Sporozoites migrate13

from the skin via blood to the liver, infect hepatocytes, and form liver stages which in mice 4814

hours later escape into blood and cause clinical malaria. Vaccine-induced activated or memory15

CD8 T cells are capable of locating and eliminating all liver stages in 48 hours, thus preventing16

the blood-stage disease. However, the rules of how CD8 T cells are able to locate all liver stages17

within a relatively short time period remains poorly understood. We recently reported formation18

of clusters consisting of variable numbers of activated CD8 T cells around Plasmodium yoelii19

(Py)-infected hepatocytes. Using a combination of experimental data and mathematical models20

we now provide additional insights into mechanisms of formation of these clusters. First, we21

show that a model in which cluster formation is driven exclusively by T-cell-extrinsic factors,22

such as variability in “attractiveness” of different Py-infected cells, cannot explain distribution23

of cluster sizes in different experimental conditions. In contrast, the model in which cluster24

formation is driven by the positive feedback loop (i.e., larger clusters attract more T cells) can25

accurately explain the available data. Second, while both Py-specific CD8 T cells and T cells26

of irrelevant specificity (non-specific T cells) are attracted to the clusters, we found no evidence27

that non-specific T cells play a role in cluster formation. Third and finally, mathematical28

modeling suggested that formation of clusters occurs rapidly, within few hours after adoptive29

transfer of T cells, thus illustrating high efficiency of T cells in locating their targets in complex30

peripheral organs such as the liver. Taken together, our analysis provides novel insights into31

and discriminates between alternative mechanisms driving the formation of clusters of antigen-32

specific CD8 T cells in the liver.33

1 Introduction34

Malaria is a life-threatening disease that is a result of red blood cell (erythrocyte) destruction by35

eukaryotic parasites of the Plasmodium genus. The majority of deaths (estimated to be about 500,00036

1

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 31, 2018. ; https://doi.org/10.1101/508796doi: bioRxiv preprint 

https://doi.org/10.1101/508796
http://creativecommons.org/licenses/by-nc/4.0/


annually) are among children, who have not yet developed immunity to the pathogen [1, 2]. There are37

five species that infect humans: P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi [3].38

Three species of malaria parasites that are used as animal models for human malaria in mice are P.39

yeolii, P. berghei, and P. chabauidi [4]. While there are similarities and differences in replication and40

pathogenesis of Plasmodium species in humans and mice, in this paper we focus solely on infection41

of mice with Plasmodium parasites.42

The infection of the host is started by a mosquito, the vector between mammalian hosts, injecting43

the sporozoite form of parasites into the skin. Studies have estimated that the initial number of44

sporozoites entering the host is as low as 10-50 [5, 6], of which only a fraction succeed to migrate45

to the liver to start an infection of hepatocytes by forming liver stages [7–9]. This liver stage of46

infection lasts for approximately 6.5 days in humans and about 2 days in mice [10–13]. Because47

liver stage is asymptomatic, removal of all liver stages prevents clinical symptoms of malaria and48

thus is highly desirable feature of an effective vaccine. Indeed, previous studies have shown that49

memory CD8 T cells are required for protection against a challenge with a relatively large number50

of sporozoites [14, 15] and that vaccination that induces exclusively memory CD8 T cells of a single51

specificity can mediate sterilizing protection against a sporozoite challenge [16–21]. Antibodies and52

CD4 T cells may also contribute to protection in some circumstances [22]. Given that mouse liver53

contains about 1− 2× 108 hepatocytes [23–25] and only a tiny proportion of these are infected the54

ability of memory CD8 T cells of a single specificity to locate and eliminate all liver stages within55

48 hours is remarkable. Yet, specific mechanisms by which T cells achieve such an efficiency remain56

poorly defined.57

Recent studies utilizing fluorescently labeled sporozoites and activated Plasmodium-specific CD858

T cells and intravital microscopy revealed clustering of CD8 T cells near the parasite in the mouse59

livers whereby multiple T cells were located in close proximity (≤ 40 µm) of some liver stages [26–28].60

Interestingly, we observed that clustering of T cells near the parasite results in a higher chances of61

parasite’s death suggesting that clusters may increase the efficiency at which T cells eliminate the62

infection. Recent in vivo studies also found that the killing of virus-infected cells occurs faster when63

several T cells are near an infected cell [29] that is consistent with a previous report estimating that64

killing of targets in vivo follows the law of mass-action [30] (meaning that the rate of killing is directly65

proportional to the concentration of the killers and targets).66

Clustering of T cells around Plasmodium liver stages in mice was not uniform as the majority of67

parasites had no T cells around them (at 6 hours after T cell transfer), while some parasites were68

surrounded by 20-25 T cells [26]. We have developed three alternative mathematical models aimed at69

explaining this observed variability in cluster formation and by fitting the models to a subset of the70

data concluded that the data are best explained by a model in which formation of clusters is driven71

by a positive feedback loop — clusters of a large size attract more T cells to the site of infection [26].72

Analysis of T cell movement in the liver suggested that there may be a bias towards the infection73

site [31]. Additional experiments revealed a significant correlation between the rate at which new74

T cells locate the infection site and the number of T cells found in the cluster and independence of75

the per capita rate at which T cells leave the cluster from the cluster size — both observations were76

consistent with the “density-dependent” recruitment model.77

Yet, our previous analysis did not investigate several other important issues of cluster formation.78

In particular, we did not fully determine the role of the environment in the formation of clusters79

around Plasmodium liver stages. For example, the observed correlation between entry rate into a80

cluster and cluster size could simply arise because some parasites may accidentally “attract” more81
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T cells (e.g., due to higher induced inflammation or a higher blood flow rate). In addition, we82

have observed that transfer of activated T cells, specific to Plasmodium, and T cells of irrelevant83

specificity resulted in co-clustering of T cells of two types [26]; however, whether “non-specific” T cells84

contributed to the formation of clusters was not determined. Finally, our previous analyses did not85

determine the kinetics of the cluster formation by assuming that cluster size reaches a steady state by86

the time of imaging. In this paper we analyze novel and re-analyze some of the previously published87

data to further define mechanisms by which clusters of activated CD8 T cells around Plasmodium88

liver stages are formed.89

2 Materials and methods90

2.1 Data91

In our analyses we mainly used data from previously published work [26, 32]. Data were generated92

using an experimental system with Py-specific TCR transgenic T cells. For most of our analyses, data93

were from experiments involving infection of Balb/c mice with variable doses of Plasmodium yoelii94

(Py) sporozoites, expressing GFP; location of T cells around GFP-expressing liver stages was then95

visualized using spinning disk confocal microscopy [26]. Following our previous work we consider96

T cells located within 40 µm distance from the parasite as being close enough to recognize the97

infection; this, all T cells within 40 µm from the parasite are called to form a “cluster”. How well98

the length of 40 µm represents the size of hepatocytes in mice remains unclear. 2D images of mouse99

hepatocytes suggested the diameter of 40-80 µm [33]; however, measurements of the total volume100

of mouse hepatocytes of about Vh = 104 µm3 [34] suggest a radius rh = 3
√

3Vh/(4π) ≈ 13 µm for101

a “spherical” hepatocyte or cube edge length rh = 3
√
Vh ≈ 22 µm for a “cubical” hepatocyte. A102

classical textbook on human liver anatomy cites the human hepatocyte volume of 104− 6× 104 µm3,103

corresponding to a cube edge of about 40 µm [35, p. 13]. Despite these inconsistent estimates we104

consider T cells within 40 µm from the parasite to be close enough for recognition of the parasite.105

Clustering of CD8 T cells around the parasite was measured in several alternative experiments. In106

one set of experiments, clustering of CD8 T cells around Py liver stages was performed by immunizing107

mice with radiation-attenuated Py sporozoites (RAS). In another set of experiments, clustering of108

T cells was observed following transfer of activated T cell receptor (TCR) transgenic CD8 T cells,109

specific to epitope located in Py circumsporozoite (CS) protein (CS280-288: SYVPSAEQI) denoted as110

PyTCR cells, or of TCR transgenic CD8 T cells, specific to epitope in chicken ovalbumin (OVA257-264:111

SIINFEKL) denoted as OT1. Following infection with Py, PyTCR recognize the infection while OT1112

cells serve as a control (non-specific to Py) T cells. PyTCR and OT1 cells were activated in similar in113

vivo experiments (using Vaccinia virus expressing CS or OVA epitopes) [26]. Experiments involving114

co-transfer of PyTCR and OT1 cells were done in CB6 mice (F1 cross of Balb/c and C57BL/6 mice)115

[26].116

In summary, the following datasets were used in the analysis. Dataset #1: fluorescently labeled117

PyTCR cells (’PyTCR alone’) and PyTCR cells pre-treated with pertussis toxin (’PyTCR+PT’)118

and transferred into mice infected with Py. Dataset #2: naive or RAS-immunized mice that were119

infected with Py-GFP and clustering around the parasite was imaged using anti-CD8 antibody.120

Dataset #3: labeled PyTCR and OT1 cells transferred alone into individual mice (‘PyTCR alone’121

and ’OT1 alone’) or as 1:1 mixture (‘PyTCR mix’ and ’OT1 mix’) to Py-infected mice. This dataset122
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has information on co-clustering of PyTCR and OT1 cells around the same parasite in the co-transfer123

experiments. Dataset #4: labeled PyTCR cells transferred into Py-infected mice and imaged at two124

different time points after T cell transfer. All datasets are made available as an online supplement125

to this paper to facilitate further independent analyses.126

2.2 Mathematical models127

2.2.1 Basic mathematical model for clustering of one cell type128

Following our previous work we propose a standard “birth-death” model to describe formation of129

clusters around Plasmodium liver stages [26]. This model assumes that infection of hepatocytes130

by Plasmodium sporozoites occurs independently. This is likely to be justified given that in our131

experiments i) in general ∼ 105 sporozoites are injected i.v. into mice, ii) only a fraction of these is132

expected to reach the liver [7–9], and iii) mouse liver contains 1−2×108 hepatocytes [23–25]. Because133

in general in our experiments the number of Plasmodium-specific T cells exceeds the number of liver134

stages by 10 to 30 fold, we assume that clustering of T cells around one parasite does not interfere135

or compete with T cells clustering around another parasite. In the model describing formation of136

clusters around Plasmodium liver stages by T cells of a single specificity we denote Pk(t) as the137

probability to observe k T cells around the parasite at time t with k = 0, 1, 2, . . . kmax. Increase in138

cluster size occurs at the “birth” (or entry) rate λk (k = 0, 1, 2, . . . , kmax) and decline in cluster size139

occurs due to “death” (or exit) rate µk (k = 1, 2, . . . , kmax). The mathematical model describing the140

change in the probability Pk(t) with time is given by the system of differential equations:141

dP0(t)

dt
= −λ0P0(t) + µ1P1(t), (1)

dPk(t)

dt
= −(λk + µk)Pk(t) + µk+1Pk+1(t) + λk−1Pk−1(t), k ≥ 1. (2)

By assuming different specific forms for the T cell entry (λk) and exit (µk) rates (e.g., see Figure142

1 and below) the model can be solved numerically and fitted to the data using maximum likelihood143

method (see below). For some analyses we made a simplifying assumption that the distribution of144

cluster sizes reaches a steady state, and the steady state values for the probability to observe k CD8145

T cells near a given liver stage P ∗k is given by146

P ∗k = P0

∏k−1
i=0 λi∏k
i=1 µi

, (3)

where P ∗0 is found by normalizing the total probability to one. By assuming steady state solutions147

it is in general impossible to estimate individual values for the rates of T cell entry into the cluster148

and exit from the cluster but we can estimate the ratio of the entry and exit rates, which we define149

as the relative entry rate θk = λk/µk.150

Mechanisms explaining the clustering of T cells around Plasmodium parasites in the liver can151

be broadly divided into two categories: T cell-intrinsic and T cell-extrinsic mechanisms. In the152

T cell-intrinsic mechanism, the formation of clusters is driven exclusively by T cells and thus this153
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mechanism ignores any potential differences in the variability in local liver environment. In the T154

cell-extrinsic mechanism, formation of clusters is driven exclusively due to variability in the liver155

environment near individual parasites, for example, due to a higher blood flow to some liver stages or156

a higher degree of inflammation that individual parasites may induce. It is possible that ultimately157

both mechanisms may contribute to the cluster formation.158

2.2.2 Sub-models assuming T cell-intrinsic clustering mechanisms159

We consider several alternative models of how T cells may mediate formation of clusters around160

Plasmodium liver stages in mice (Figure 1A-C). Some of these models have been presented in our161

previous publication [26]. Our simplest random entry/exit (Poisson model) assumes that entry162

into the cluster and exit from the cluster occur randomly, i.e., λk = λ0 and µk = kµ where λ0 and163

µ are constants (Figure 1A). Solving eqn. (3), the probability to observe k T cells around a parasite164

according to this random entry/exit model is then given by the Poisson distribution:165

P ∗k = P ∗0

∏k−1
i=0 λi∏k
i=1 µi

= P ∗0
λk0
µkk!

=
θk0
k!
e−θ0 , (4)

where θ0 = λ0/µ.166

We have shown previously that the Poisson model is often unable to describe distribution of167

cluster sizes of Plasmodium-specific CD8 T cells in the liver [26]. One potential mechanism proposed168

to describe formation of large clusters is a “retention” model in which T cells which recognize the169

infection, are retained near the parasite. One version of such a model is a density-independent170

(DI) exit model (Figure 1B) in which the rate of T cell exit from a cluster declines with the171

number of T cells in the cluster, i.e., µk = kµ/k = µ for k > 0 and λk = λ0 for all k. Solving eqn.172

(3), the probability to observe k T cells around a parasite according to the DI exit model is given by173

a geometric distribution:174

P ∗k = P ∗0

∏k−1
i=0 λi∏k
i=1 µi

= P ∗0
λk0
µk

= (1− θ0)θk0 , (5)

where θ0 = λ0/µ. There are other ways in which the total rate of T cell exit from the cluster µk175

could decline with cluster size k and in our additional analyses we tested two of such alternative176

models: a powerlaw model in which µk = kαµ (defined for k > 0 with α and µ being constant) and177

an exponential model in which µk = kµe−αk (defined for k > 0 with α and µ being constant). When178

fitting these retention models to experimental data we did not dervice the steady state solutions but179

instead used numerical solutions of the basic mathematical model (eqns. (1)–(2)).180

An alternative mechanism for the formation of large clusters of CD8 T cells around the infection181

is an “attraction” model in which the rate of T cell entry into the cluster depends on cluster size.182

In this density-dependent (DD) recruitment model (Figure 1C) the entry rate into the cluster183

is given by λk = λ0 + λ1k while the total exit rate is density-dependent µk = kµ. Solving eqn. (3),184

the probability to observe k T cells around a parasite according to the DD recruitment model at the185

steady state is calculated numerically:186
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Figure 1: Schematics of alternative mathematical models of T cell cluster formation around Plasmodium
yoelii (Py)-infected hepatocytes in mice. Py-specific T cells are labeled by red (discs), T cells of irrelevant
specificity are colored by blue (dashed discs), and parasites are labeled by green (ovals). In the models
the rate of T cell entry into a cluster is denoted as λk and rate of exit from the cluster is denoted as µk.
Mathematical models include a random entry/exit (Poisson) model (A, eqn. (4), λk = λ0 and µk = kµ),
a density-independent (DI) exit model (B, eqn. (5), λk = λ0 and µk = µ), a density-dependent (DD)
recruitment model (C, eqn. (6), λk = λ0 + kλ1 and µk = kµ), a “two populations” model in which infected
hepatocytes have either of two different “attractiveness” levels determined by λ01 and λ02 (D, eqn. (10),
µk = kµ), a “gamma” model, in which the entry rate into clusters is distributed according to a gamma
distribution with α and β being the rate and shape parameters (E, eqn. (11), µk = kµ), and finally a
“co-clustering” model, in which clusters are formed by Plasmodium-specific T cells or T cells or irrelevant
specificity (nonspecific T cells) (F, eqns. (12)–(15), λk = λ0 + iλs1 + jλns1 and µk = kµ). For some of our
analyses we characterized the model behavior using the ratio of entry to exit rates denoted as a relative
entry rate θk = λk/µk.
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P ∗k = P ∗0

∏k−1
i=0 λi∏k
i=1 µi

= P ∗0

∏k−1
i=0 λ0 + iλ1

µkk!
= P ∗0

∏k−1
i=0 θ0 + iθ1

k!
, (6)

where θ0 = λ0/µ and θ1 = λ1/µ and P ∗0 is found by normalizing eqn. (6) assuming the maximal187

cluster size to be kmax. In general,
∑∞

k=0 P
∗
k →∞ and therefore, the sum must be taken for a finite188

number of terms due to this reason [26].189

To understand dynamics of cluster formation in the Poisson and DD recruitment models it is also190

useful and possible to derive the model describing the change in the average number of T cells around191

the parasite (average cluster size), 〈k〉 =
∑∞

k=0 kPk(t) using standard methods of physical chemistry192

[36]193

d〈k〉
dt

= λ0 + (λ1 − µ)〈k〉, (7)

which is a standard birth-death process with immigration which for 〈k〉(0) = 0 has the solution194

〈k〉(t) =
λ0

λ1 − µ
(
e(λ1−µ)t − 1

)
. (8)

In cases when λ1 > µ the average cluster size grows indefinitely with time. When λ1 < µ, which195

is often found in our analyses (see Main text), average cluster size at the steady state is given by196

〈k〉∗ =
λ0

µ− λ1

=
θ0

1− θ1

, (9)

where θ0 and θ1 are defined after eqn. (6).197

2.2.3 Sub-models assuming T cell-extrinsic clustering mechanisms (environment)198

An alternative mechanism for the formation of T cell clusters around Plasmodium-infected hepa-199

tocytes is proposed in this paper, namely, that the formation of clusters is driven simply due to200

variability in the ability of different parasites to “attract” T cells. For example, some parasites while201

traveling from the blood to hepatocyte or while replicating in the hepatocyte may induce higher202

degree of inflammation than other parasites, thus, potentially increasing the chance of finding such203

“inflamed” sites by T cells.204

We consider two versions of the “environment” model in which T cell recruitment to sites is205

determined by the variability in parasite’s “attractiveness”. In one such version, a two population206

model, we assume that there are parasites of two types found at frequencies f and 1− f , and these207

parasites differ in the rate at which T cells find them (Figure 1D). The formation of clusters around208

parasites of a given parasite type is given by random entry/exit model with rates λ01 and λ02 while209

the rate of exit of T cells from the cluster is µk = kµ. Then assuming a steady state the probability210

to observe clusters of size k is given by211

P ∗k = f
θk01

k!
e−θ01 + (1− f)

θk02

k!
e−θ02 , (10)
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where θ01 = λ01/µ and θ02 = λ02/µ. Alternatively, the rate at which T cells find parasites could be212

given by a continuous function, and we tested a model in which entry rate into the cluster is given by213

a gamma distribution g(λ0;α, β) =
βαλα−1

0 e−λ0β

Γ(α)
, i.e., the probability for T cells to have an entry rate214

in the interval (λ0, λ0 + dλ0) is g(λ0;α, β)dλ0. The probability to observe a cluster of size k given215

that clustering around a parasite “attracting” T cells at a rate λ follows a Poisson model is given by216

an integral217

P ∗k =

∫ ∞
0

λk0
µkk!

e−λ0/µ × βαλα−1
0 e−λ0β

Γ(α)
dλ0 = (µ−1 + β)−(α+k)β

αΓ(α + k)

µkk!Γ(α)
, (11)

where α is the shape parameter and β is the rate parameter of the Gamma distribution and Γ(α) =218

(α− 1)!.219

2.2.4 Basic mathematical model for clustering of two cell types220

In some of our experiments we tracked clustering of T cells of two specificities: one type of T cells was221

specific to Plasmodium sporozoites (PyTCR) and another type of T cells was specific to irrelevant222

antigen (OT1). To quantify the kinetics of clustering of Plasmodium-specific (PyTCR) and non-223

specific T cells (OT1) around Plasmodium-infected hepatocytes, we extended our basic model (eqns.224

(1)–(2)) to include two types of cells, t1 and t2, in the cluster to formulate a co-clustering model225

(Figure 1F). We define Pij(t) as the probability to observe i cells of type 1 and j cells of type 2 in a226

given cluster. Then the rate at which new T cells of type x, where x = t1, t2 enter the cluster with227

i T cells of type 1 and j T cells of type 2 is λxij. Similarly, µxij is the rate of exit of T cell of type x228

from a cluster with (i, j) T cells. The dynamics of the probability to observe a cluster with (i, j) T229

cells is given by equations230

dP00(t)

dt
= −(λt100 + λt200)P00(t) + µt110P10(t) + µt201P01(t), (12)

dP01(t)

dt
= −(λt101 + λt201 + µt201)P01(t) + λt200P00(t) + µt111P11(t) + µt202P02(t), (13)

dP10(t)

dt
= −(λt101 + λt201 + µt110)P10(t) + λt200P00(t) + µt211P11(t) + µt202P02(t), (14)

dPij(t)

dt
= −(λt1ij + λt2ij )Pij(t) + λt1(i−1)jP(i−1)j(t) + λt2i(j−1)Pi(j−1)(t)

+µt1(i+1)jP(i+1)j(t) + µt2i(j+1)Pi(j+1)(t), i, j = 2..kmax (15)

The dynamics of the probability Pij(t) can be simulated by assuming different functional forms for231

the entry and exit rates (Table 1). For example, when the entry rate into the cluster is independent232

of the cluster size or cell type, λt1ij = λt2ij = λ0 = const, and the exit rate is dependent on the number233

of T cells of a given specificity present near the parasite, µt1ij = iµ and µt2ij = jµ where µ = const,234

clustering of T cells is independent and is described by the Poisson distribution (results not shown).235

Another model is when the entry rate of T cells into the cluster is dependent only on the number of236

specific T cells (t1) already in the cluster: λt1ij = λt2ij = λ0 + iλ1 with exit rates being similar to the237

random entry/exit model described above.238
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Model λs
ij λns

ij µs
ij µns

ij

Random entry/exit λ0 λ0 µi µj
Equal recruitment λ0 + λ1 · (i+ j) λ0 + λ1 · (i+ j) µi µj
Only specific T cells recruit λ0 + λ1 · i λ0 + λ1 · i µi µj
Only non-specific T cells recruit λ0 + λ1 · j λ0 + λ1 · j µi µj
Basic entry rates are type-specific
and only specific T cells recruit

λs0 + λ1 · i λns0 + λ1 · i µi µj

Both T cell types recruit but with
different rates

λ0 + λs1 · i+ λns1 · j λ0 + λs1 · i+ λns1 · j µi µj

Both T cell types recruit but only
their own type

λ0 + λs1 · i λ0 + λns1 · j µi µj

Table 1: Defining alternative models for co-clustering of Plasmodium-specific (s) and non-specific (ns)
T cells around Plasmodium liver stages. For the general mathematical model describing co-clustering of
two cell types (eqns. (12)–(15)) we define parameters determining the rate of T cell entry into the cluster
(λsij and λnsij ) and the rate of exit from the cluster (µsij and µnsij ) where superscripts ”s” and ”ns” stand
for Plasmodium-specific and non-specific T cells, respectively, ij denotes a cluster with i specific and j
nonspecific T cells around a given liver stage. For example, λsij denotes the entry rate of specific T cells into
a cluster with i specific and j non-specific T cells. Parameters λ0 (the initial entry rate), µ (per capita exit
rate ), and λ1 (increase in entry rate with cluster size) are found by fitting the numerical solution of the
mathematical model (given in eqns. (12)–(15)) to the co-clustering data (dataset #3).

2.2.5 Stochastic simulations239

We simulated cluster formation using the Gillespie algorithm as previously described [37]. In short,240

for every iteration we first determined randomly the time of the change in cluster size which is241

determined by the total rate at which clusters could increase or decrease in size (e.g., in the DD242

recruitment model this rate for a cluster of size k is λ0 + kλ1 + kµ). The second step was to then243

choose at random which of two events (cluster size increase or decrease) occurs; this is determined244

by the relative value of the entry rate into the cluster (e.g., λ0 + kλ1) or exit from the cluster (e.g.,245

kµ).246

2.2.6 Statistics247

Our clustering data are given as the number of T cells found in the 40 µm radius of a given parasite248

following intravital microscopy imaging [26], i.e., the data are simply a column of integers representing249

T cell numbers per parasite. (In co-clustering experiments the data also represent the number of250

Plasmodium-specific and non-specific T cells found per parasite.) As the data shows, in many cases251

majority of parasites have no T cells associated with them [26, and see main text].252

To estimate parameters of mathematical models we used a likelihood approach where the likeli-253

hood represents the product of probabilities to observe clusters of different sizes254

L(parameters|data) = P (data|parameters) =
kmax∏
k=0

(Pk)
x(k), (16)
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where Pk is the mathematical model-predicted probability of observing a cluster of size k according to255

a set of parameter values, x(k) is the number of clusters of size k in the data, and kmax is the maximal256

cluster size in the data. In this procedure, the probability Pk(t) can be either given analytically as a257

steady state solution (e.g., eqn. (4)) or can be found by numerically solving the basic mathematical258

model predicting Pk(t) at a particular time (e.g., eqns. (1)–(2)). When fitting numerical solutions of259

the model to experimental data in some cases we fixed the rate of exit of T cells from clusters µ to260

different values because we found that it is generally impossible to accurately estimate both entry261

and exit rates simultaneously (see Results section).262

The models were fitted by calculating negative log-likelihood L = − logL and using routine263

FindMinimum in Mathematica version 11. When alternative models were fitted to the same dataset,264

we compared quality of the model fits to the data by comparing Akaike weights w based on the265

corrected Akaike Information Criterion (AIC) [38]:266

AIC = −2 logL+ 2p+
2p(p+ 1)

N − p− 1
, (17)

where p is the number of model parameters and N is the number of data points (parasites). AIC267

provides a score for each model based on its maximum likelihood value and the number of model268

parameters. The model with the lowest AIC score is considered to be best relative to the tested269

models. Weights of a given model can be treated as a likelihood of the model in the list of the270

tested models. As a rule of thumb, models with w < 0.05 can be considered to be inconsistent271

with experimental data in favor for models with higher weights. In addition, when comparing nested272

models, where one model is a special case of the other, we used the likelihood ratio test.273

3 Results274

3.1 Pertussis toxin-treated PyTCR cells form clusters randomly275

By using intravital microscopy two recent studies have observed that activated CD8 T cells, specific276

to Plasmodium antigens, often localize near Plasmodium liver stages [26, 27]. In our experiments277

we used GFP-expressing Plasmodium yoelii (Py) sporozoites and fluorescently-labeled activated Py-278

specific CD8 T cells (PyTCR cells) [26]. A peculiar feature of these observations was a variable279

number of T cells found near individual parasites: in many experiments multiple parasites had no T280

cells while some parasites had more than 20 T cells in a 40 µm radius [26]. We have developed three281

alternative mathematical models that assume that the formation of clusters of CD8 T cells around282

Plasmodium liver stages is T-cell-intrisitic and is mediated exclusively by T cells. These models283

include 1) the null model predicting formation of clusters by chance (“random entry/exit” or Poisson284

model, eqn. (4)), 2) a model in which T cells find parasites randomly but are retained near the285

parasite (“density-independent (DI) exit” model, eqn. (5)), and 3) a model in which T cells actively286

recruit other T cells to the infection site (“density-dependent (DD) recruitment” model, eqn. (6)). By287

fitting these models to experimental data on clustering we concluded that the DD recruitment model288

is best consistent with data on clustering of PyTCR cells [26]. By performing experiments in which289

either PyTCR cells or PyTCR cells, treated with pertussis toxin (PyTCR+PT cells), were transferred290

into mice, previously infected with Py, we found that PT-treated PyTCR cells form smaller clusters291

that untreated T cells (Figure 2). PT treatment inactivates G-protein-coupled receptors (GPCRs) in292
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the cells, and in particular, makes PT-treated cells to be unresponsive to chemokine gradients [39].293

Fitting three basic mathematical models, predicting steady state distribution of T cells around the294

liver stages, to the data on clustering of PyTCR cells (see Materials and Methods for more detail on295

how models were fitted to data) confirmed our previous result that DD recruitment model provided296

the best fit of clustering data (Figure 2B). The random entry/exit model did not fit these data297

adequately, while the DI exit model provided a visually reasonable fit which was not supported by298

the Akaike weights or log-likelihood (result not shown). Interestingly, plotting the data and model fits299

on the log-scale revealed that even the best fit model did not accurately predict formation of a large300

cluster with 21 PyTCR cells (Figure 2B). Indeed, comparing the prediction of the DD recruitment301

model with data using a goodness-of-fit χ2 test showed that the model described the clusters until302

size 8 well (χ2
18 = 7.2, p = 0.99), but failed at describing all clusters including one with 21 cells303

(χ2
19 = 51.6, p < 0.001). According to the prediction of the mathematical model, the average cluster304

size of T cells around the liver stages at the steady state is rather small, 〈k〉∗ ≈ 1.5 (see eqn. (9)),305

because most parasites were not found by T cells within 6 hours (Figure 2A).306

�

�

� � �� �� �� ��
-�

-�

-�

�

������ �� � ����� ������ ��������

�
��
��
��
��
��
��
�

����� (�=��)

������� (�=��)

�� ���� (�=�����)

�� ����������� (�=�����)

�

� � �� �� �� ��
-�

-�

-�

�

������ �� � ����� ������ ��������

�
��
��
��
��
��
��
�

�����+�� (�=��)

������� (�=�����)

�� ���� (�=�����)

�� ����������� (�=�����)

Figure 2: Pertussis toxin (PT)-treated T cells form clusters around Plasmodium yoelii (Py)-infected hepa-
tocytes randomly. Panel A: mice were infected with 3× 105 GFP-expressing Py sporozoites. Twenty hours
later 107 Py-specific activated CD8 T cells (PyTCR) or 107 PyTCR T cells pretreated for one hour with 1
µg/mL PT were transferred into infected mice and imaged with intravital microscopy 6 hours later [26]. The
number of T cells in 40 µm radius of randomly chosen n = 82 (PyTCR) or n = 75 (PyTCR+PT) parasites
was recorded; the frequency of size of such clusters is shown in panels B-C by bars. Panels B and C: we
fitted three mathematical models (Poisson (eqn. (4)), DI exit, (eqn. (5)), and DD recruitment (eqn. (6)))
to these experimental data using likelihood approach (eqn. (16)) and calculated Akaike weights (w) (see
Materials and Methods for more detail). Results suggest that clustering of PyTCR T cells is best described
by density-dependent recruitment model while clustering of PT-treated T cells occurs mainly randomly.
Parameter estimates of the best fit model and 95% CIs obtained by resampling the data with replacement
103 times in panel B are θ0 = 0.31 (0.20− 0.48) and θ1 = 0.79 (0.59− 0.88) (DD recruitment model) and in
panel C are θ0 = 0.33 (0.21− 0.48) (Poisson model).

Importantly, however, all three models could accurately describe the formation of clusters by307
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PT-treated PyTCR cells (Figure 2C) suggesting that the formation of these clusters is most likely308

due to a random encounter between T cells and the Py-infected hepatocyte. Indeed, the estimated309

relative entry rate θ0 was similar for two datasets (see legend of Figure 2) and was only slightly higher310

than the relative rate estimated in our previous work from other experiments involving co-transfer of311

PyTCR and OT1 cells [26, see Materials and Methods and below]. Thus, this result further supports312

the conclusion that GPCR-mediated signaling is important in the formation of CD8 T cell clusters313

around Plasmodium liver stages.314

3.2 Clustering of endogenous CD8 T cells does not allow to discrimi-315

nate between T-cell-intrinsic and T-cell-extrinsic models of cluster316

formation317

Our previous analyses so far attempted to explain mechanisms behind the formation of clusters318

around Plasmodium liver stages from the T-cell-centric point of view; namely, we assumed that319

cluster formation is dependent on the presence of T cells (e.g., DD recruitment model, see eqn. (6)).320

However, it is possible that a very different alternative mechanism drives the formation of clusters,321

which is T-cell-extrinsic. In this case, variable clustering of T cells around the liver stages is driven322

by variability in the environment, for example, due to the level of “attractiveness” of individual323

parasites. This may arise because individual parasites may induce different degrees of inflammation324

as they migrate from the blood into the liver parenchyma, or some parasites may infect hepatocytes325

which are located in liver parts with a larger blood flow, increasing the chance of T cells to locate326

such parasites [35, 40].327

To investigate whether a T-cell-extrinsic mechanism can be sufficient to explain the formation328

of clusters in our experiments we formulated two alternative mathematical models predicting the329

formation of clusters of different sizes: in the first model we assumed that there are two populations330

of parasites with different levels of attractiveness/rate of entry λ01 and λ02 (“2 population” model,331

Figure 1D and eqn. (10)), and in the second model we assumed that there is a distribution in the level332

of attractiveness of parasites given by a continuous Gamma distribution (“gamma” model, Figure 1E333

and eqn. (11)). To test whether models assuming T-cell-intrinsic or T-cell-extrinsic mechanisms of334

cluster formation perform better, we fitted the models to previously published data on the clustering335

of endogenous CD8 T cells around Py liver stages in mice [26]. In these experiments, mice were left336

naive or were immunized with radiation-attenuated sporozoites (RAS) and then 10 days later infected337

with wild-type Py expressing GFP (Figure 3A). Clustering of CD8 T cells around GFP-expressing338

liver stages was visualized by injecting CD8-binding antibody. We fitted five mathematical models339

to these data using a likelihood approach (eqn. (16)). This analysis showed that all mathematical340

models could accurately describe the lack of formation of large (k > 5) clusters around Plasmodium341

liver stages in naive (unimmunized) mice, and the simplest (null) random entry/exit model was342

favored by the Akaike weights (Figure 3B). While all models provided similar likelihood of the model343

given the data, lower weights for 2 population and gamma models was due to a larger number of344

fitted parameters (3 in 2 population/gamma models vs. 1 in the Poisson model).345

Consistent with our previous analysis [26], the random entry/exit (Poisson) model could not ad-346

equately describe the distribution of cluster sizes in RAS-immunized mice (Figure 3C). Interestingly,347

both 2 population and gamma models did not provide an improved fit of these clustering data as348

compared to DD recruitment or DI exit models which fitted the data with similar quality (Figure349

3C). This was surprising given that the DD recruitment and DI exit models were not able to accu-350
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Figure 3: Models assuming constant (time-invariant) environment are consistent with the data on clus-
tering of CD8 T cells in mice immunized with radiation-attenuated sporozoites (RAS). Panel A: mice were
immunized with 5 × 104 Py RAS or left unimmunized. Ten days later, mice were infected with 3 × 107

wild-type Py, expressing GFP. One day later CD8 T cells were labeled with 4 µg PE-conjugated anti-CD8
mAbs and clustering of CD8 T cells around Py-infected hepatocytes in the liver was imaged using intravital
microscopy [26]. In total 48 (in naive mice, panel B) and 66 (in RAS-immunized mice, panel C) parasites
were randomly chosen and the number of T cells in a 40 µm radius were counted. Five different mathe-
matical models were fitted independently to the data on T cell clustering in naive and immunized mice,
and the quality of the model fits was evaluated using Akaike weights (w). Clustering in naive mice is most
consistent with the Poisson (random entry/exit) model, while in RAS-immunized mice models assuming
constant environment (“2 populations” and “gamma” models) fit the data worse than other models, in part
due to a larger number of parameters than in the DD recruitment or DI exit models. Parameter estimates
of the best fit model and 95% CIs in panel B are θ0 = 0.29 (0.17 − 0.42) (Poisson model) and in panel C
are θ0 = 0.81 (0.77 − 0.84) (DI exit model) or θ0 = 0.80 (0.52 − 1.16) and θ1 = 0.82 (0.73 − 0.88) (DD
recruitment model). According to the DD recruitment model, the average cluster size in RAS-immunized
mice at steady state (panel B) is 〈k〉∗ ≈ 4.2.
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rately describe the two peaks in the cluster size distribution (at 0 and 7 T cells/parasite). A closer351

inspection revealed that the DD recruitment, DI exit, 2 population, and gamma models provided352

fits of nearly identical quality as based on the negative log-likelihood values (L ≈ 168), and lower353

weights were selected for models with more parameters. All models except the Poisson and 2 popu-354

lation models could accurately describe the data (based on goodness-of-fit χ2 test); the 2 population355

model deviation was due to its inability to accurately predict the formation of one cluster with 19356

cells (results not shown). Importantly, the 2 population and gamma models could fit other clustering357

data relatively well, e.g., data on clustering of PyTCR cells or PyTCR cells treated with PT (Figure358

2, results not shown). Taken together, these results demonstrate that several clustering datasets do359

not allow to discriminate between T-cell-intrinsic and T-cell-extrinsic mechanisms of formation of360

CD8 T cell clusters around Plasmodium liver stages.361

3.3 Environmental variability is not the main driver of cluster formation362

To discriminate between T-cell-intrinsic and T-cell-extrinsic mechanisms of formation of CD8 T363

cell clusters around Plasmodium liver stages we turned to additional experimental data generated364

previously [26]. In these experiments, Py-specific T cells and T cells of irrelevant specificity (OT1)365

were transferred either separately or together into mice previously infected with Py-GFP, and the366

formation of clusters around Py liver stages was measured by intravital microscopy (Figure 4A). We367

have previously shown that the DD recruitment model describes best (based on Akaike weights) the368

data on the clustering of PyTCR cells when transferred alone or data on the clustering of PyTCR369

and OT1 cells when transferred together [26]. In contrast, the clustering of OT1 cells alone was best370

described by the random entry/exit model [26, Figure 4B-C]. Therefore, these data indicate that the371

clustering of T cells, which are not specific to Plasmodium depends on the presence of Py-specific T372

cells suggesting that variability in parasite’s “attractiveness” alone cannot explain these data. We373

formally tested if the 2 population or gamma models can describe the clustering data of OT1 cells374

in the following way. We fitted the 2 population model to the data on clustering of OT1 cells alone375

or in the mixture with PyTCR cells simultaneously. We therefore fitted the models by allowing all376

three parameters of the model (θ01, θ01, and f , see eqn. (10)) to be different for the two datasets377

or by allowing only the fraction of parasites with different attractiveness level f to vary between378

two datasets while keeping other parameters the same between datasets (Figure 4B-C). In this way,379

we tested the hypothesis that the clustering of OT1 cells is driven exclusively by factors which are380

independent of Py-specific CD8 T cells. Because two fits are from nested models, comparing the381

quality of the fits revealed that the model assuming PyTCR-cell-independent environment fits the382

two datasets significantly worse (χ2
1 = 12.4, p < 0.001). Fitting the gamma model to the same two383

datasets assuming either identical or variable parameters between the two datasets also suggested384

that the model with constant parameters fits the data significantly worse (results not shown). Thus,385

these results strongly suggest that the T-cell-extrinsic models of cluster formation are not consistent386

with the data on different clustering patterns of OT1 cells in the absence or presence of Py-specific387

T cells.388

It is important to note that the use a specific mathematical model (e.g., 2 population model)389

simply allows to formally test if distributions of cluster sizes of OT1 cells are different in two different390

conditions. This can be also done using a χ2 test [41] which showed that these distributions are only391

marginally different (χ2
8 = 16.1, p = 0.04). Thus, the use of models allows to obtain much stronger392

statistical power at falsifying the T-cell-independent (“environment”) hypothesis as the sufficient393

mechanism of cluster formation.394

14

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 31, 2018. ; https://doi.org/10.1101/508796doi: bioRxiv preprint 

https://doi.org/10.1101/508796
http://creativecommons.org/licenses/by-nc/4.0/


�

�

� � �� ��
-�

-�

-�

�

������ �� � ����� ������ ��������

�
��
��
��
��
��
��
�

��� ����� (�=��)

������ �

����� � (�<�����)

�

� � �� ��
-�

-�

-�

�

������ �� � ����� ������ ��������

�
��
��
��
��
��
��
�

��� ��� (�=��)

������ �

����� � (�<�����)

Figure 4: Models assuming constant (time-invariant) environment are unable to accurately describe the
clustering of T cells of irrelevant specificity in different conditions. Panel A: mice were infected with 3× 105

GFP-expressing Py sporozoites. Twenty hours later 9 × 106 Py-specific activated CD8 T cells (PyTCR),
9 × 106 OT1 T cells (specific to chicken ovalbumin), or mixture of 9 × 106 PyTCR and 9 × 106 OT1 T
cells were transferred into infected mice and livers of these mice were imaged using intravital microscopy 6
hours later. In total 92 (mice receiving only OT1 cells, panel B) and 52 (in mice receiving a mix of PyTCR
and OT1 cells, panel C) parasites were randomly chosen and the number of T cells in a 40 µm radius
were counted [26]. The “two population” mathematical model (eqn. (10)) was fitted to these two datasets
simultaneously assuming two different entry rates θ01 and θ02 and either allowing the fraction of attracting
parasites f to vary between the datasets (solid line) or vary between the datasets (dashed line). Fixing the
fraction f between the datasets significantly reduced the quality of the model fit of the data as compared
to the model in which f could vary (likelihood ratio test, χ2

1 = 12.4, p < 0.001).

15

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 31, 2018. ; https://doi.org/10.1101/508796doi: bioRxiv preprint 

https://doi.org/10.1101/508796
http://creativecommons.org/licenses/by-nc/4.0/


3.4 Several alternative retention models poorly describe data on clus-395

tering of PyTCR cells396

While our experiments of clustering of OT1 T cells either alone or in presence of PyTCR T cells397

argue against T-cell-extrinsic clustering model, they do not allow to fully discriminate between al-398

ternative T-cell-intrinsic clustering models. Fitting the steady state prediction of the DI exit and399

DD recruitment model to clustering of PyTCR T cells (Figure 2) or clustering of OT1 T cells in the400

presence of PyTCR cells [26] favored the DD recruitment model (based on Akaike weights). However,401

it is possible that a specific form of the retention model, i.e., that the per capita exit rate is inversely402

proportional to the cluster size, was an accidentally poor choice. Therefore, we tested two alternative403

models of how exit rate from a cluster could depend on cluster size with µk = kαµ or µk = kµe−αk.404

We fitted the numerical solution of the basic mathematical model (eqns. (1)–(2)) to the clustering405

of PyTCR T cells (Figure 2A) using a likelihood approach. Both alternative retention models still406

described the data worse than the DD recruitment model (w < 0.001 and w = 0.02 for the two407

models, respectively, results not shown) suggesting limited support for the hypothesis that retention408

of T cells plays the major role in cluster formation. Therefore, in our following analyses we focus409

exclusively on the DD recruitment model.410

3.5 No evidence that T cells of irrelevant specificity influence clustering411

In our previous analysis we showed that the DD recruitment model-based fit of the data on the412

clustering of PyTCR and OT1 cells in the co-transfer experiments (Figure 4A) predicted similar413

relative recruitment rate parameters θ0 and θ1 (see Table S1 in Cockburn et al. [26]). However,414

the previous analysis treated clustering of PyTCR and OT1 cells in the co-transfer experiments415

independently, and here we extend this analysis by considering potential mechanisms behind co-416

clustering of these two cell populations. First, we found that there was no significant difference417

in the number of PyTCR or OT1 T cells clusters around Plasmodium liver stages with similar418

proportions of parasite having more PyTCR or OT1 cells (Figure 5A). To investigate whether the419

data on the co-clustering of T cells may provide evidence of OT1 T cells assisting in cluster formation420

we developed a mathematical model tracking the dynamics of co-clustering of two types of cells (see421

eqns. (12)–(15) in Material and Methods) and fitted that model to the co-clustering data (dataset422

#3) using a likelihood approach. As we show in the next section, our clustering data do not allow to423

identify both the rate of T cell entry into the cluster and exit rate from the cluster from measuring424

clusters at one time point. Therefore, in this analysis we fixed the per capita exit rate µ = 0.5/h and425

estimated entry rates. Our overall results were robust to several other tested values of the exit rate426

such as µ = 0.1/h or µ = 3/h even though estimates of the entry rates were strongly dependent on427

the assumed exit rate (results not shown and see next section).428

Using the DD recruitment model we next tested several different mechanisms of how specific and429

non-specific T cells may participate in cluster formation (see Table 1). Despite the highly correlated430

numbers of the Py-specific and non-specific T cells around Plasmodium liver stages (Figure 5A),431

different roles of these two CD8 T cell types seem to be inherent in the data (Table 2). Specifically, the432

model in which PyTCR T cells attract all cells into the cluster was statistically better at describing433

these data as compared to any other model tested (based on Akaike weights); interestingly, an434

alternative model in which OT1 cells exclusively drive cluster formation could not fit the co-clustering435

data well (model “Only OT1 cells recruit” in Table 2).436
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Figure 5: No evidence that activated CD8 T cells of irrelevant specificity play a significant role in cluster
formation. Experiments were performed as described in Figure 4A and the number of T cells, specific to
Py (PyTCR) and T cells of irrelevant specificity (OT1), found in a 40 µm radius of n = 52 randomly
chosen parasites in the liver was counted using intravital imaging. Panel A: no difference in the number of
Py-specific and non-specific T cells found around Py liver stages (Wilcoxon signed rank test). Panels B-C:
we fitted a series of mathematical models assuming how Py-specific or nonspecific T cells mediate attraction
to the infection site (co-clustering model, eqns. (12)–(15)), and fits of two models where either only PyTCR
T cells attract (solid lines, B-C) or both PyTCR and OT1 T cells attract (dashed lines, B-C) as well as
data (bars) are shown. A simpler model in which only PyTCR T cells mediate attraction describes the
data as well as the more complex model (likelihood ratio test, χ2

1 = 1.95, p = 0.16). Bars in panels B-C
are the observed frequencies of parasites with a variable number of PyTCR (panel B) or OT1 (panel C) T
cells. In panel D we show the data (points) and predictions of the model in which only Py-specific T cells
attract all activated cells to the infection site (contours); model prediction is the log10 Pij(6) where Pij is
the probability to observe i Py-specific and j nonspecific T cells around the parasite at t = 6h after T cell
transfer. The point size represent the number of parasites having a given number of PyTCR/OT1 cells in 40
µm radius, and thin dashed lines shows the line with slope = 1. In panel E points represent the prediction
of the model on the number of PyTCR/OT1 T cells in clusters where Pij reaches maximum for i+ j = const
(see the contour plot in panel D). The solid line represents a regression line for the model predictions with
slope = 0.76 which is significantly different from 1 (t-test, p < 0.001) and the dashed line shows the line
with slope = 1. In panel F points represent co-clustering data of PyTCR and OT1 T cells around parasites
(the same data are shown in panel D). Solid line represents a regression line with slope = 0.8 which is
significantly different from 1 (t-test, p < 0.001). Results in panels D-F indicate model-predicted slight bias
towards clustering of a larger number of PyTCR T cells which is not directly observed in the data (panel
A).

In two separate models we tested whether OT1 cells “help” in the formation of clusters which437

is driven by Py-specific T cells. Perhaps unsurprisingly in both models (“PyTCR and OT1 cells438

recruit at different rates” and “ PyTCR and OT1 cells recruit at different rates towards different cell439

types”) we found no evidence that OT1 cells enhance cluster formation (Table 2 and Figure 5B-C).440

17

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 31, 2018. ; https://doi.org/10.1101/508796doi: bioRxiv preprint 

https://doi.org/10.1101/508796
http://creativecommons.org/licenses/by-nc/4.0/


Model λ0, 1/h λ1, 1/h L AIC w

Only PyTCR cells recruit 0.14 0.58 128.0 260.3 0.40
Only OT1 cells recruit 0.15 0.60 131.4 267.8 0.01
PyTCR and OT1 cells re-
cruit at the same rate

0.12 0.32 130.7 265.6 0.03

PyTCR and OT1 cells re-
cruit at different rates

0.17 PyTCR=0.67,
OT1=-0.16

127.1 260.6 0.34

PyTCR and OT1 cells re-
cruit at different rates to-
wards different cell types

0.18 PyTCR:PyTCR= 0.73,
PyTCR:OT1= 0.61,
OT1:OT1= -0.15,

OT1:PyTCR= -0.23

126.7 264.8 0.04

Table 2: Comparing alternative models which assume different contributions of Py-specific (PyTCR) and
non-specific (OT1) T cells to cluster formation. We fit the basic mathematical model on co-clustering of
Plasmodium-specific and non-speciific T cells (eqns. (12)–(15)) to the data on T cell clustering around Py
liver stages assuming DD recuitment model and different mechanisms of how T cells contribute to cluster
formation (see Table 1 for tested models). Here we list the estimated initial recruitment rate λ0 and how
recruitment rate changes with cluster size λ1 (i.e., in the DD recruitment model the recruitment rate is
λk = λ0 + kλ1), the negative log-likelihood L, AIC, and Akaike weights w for the model fit. In these fits the
total exit rate of T cells from the cluster of size k was fixed to µk = 0.5k/h. In the column with estimates for
λ1 we list specifically the predicted change in the cluster “attractiveness” by a given type of T cell (specific
or non-specific) and towards a given type of T cells. For instance, an estimate λ1 = 0.58/h for the model
in which only PyTCR cells recruit assumes that PyTCR cells recruit specific and nonspecific T cells at the
same rate. In another model notation “PyTCR:OT1” denotes the recruitment rate induced by PyTCR cells
for OT1 cells.

In contrast, parameter estimates suggested that OT1 cells may inhibit cluster formation because the441

estimated OT1-driven recruitment rates λ1 were negative (Table 2); however, improvements of the442

fits of these two more complicated models were not supported by the likelihood ratio test (p > 0.1,443

see Figure 5B-C). Thus, our results suggest that non-specific T cells are “passive” participants in the444

clusters and do not significantly promote or impede the formation of clusters. A similar result was445

obtained recently using another Plasmodium experimental system [28].446

Predictions of our best mathematical model in which only PyTCR cells recruit all activated T cells447

to the site of infection can be shown as the distribution of cluster sizes for each cell type (e.g., Figure448

5B-C) as well as the probability to observe a cluster with i PyTCR and j OT1 cells (Figure 5D).449

Careful examination of this fit revealed that the model predicts a slight bias towards having more450

PyTCR cells per cluster than OT1 cells (Figure 5E). Linear regression analysis of the co-clustering451

data indeed suggests that there may be bias towards having more PyTCR cells than OT1 cells per452

cluster (Figure 5F); however, this result is not fully consistent with another analysis (e.g., Figure453

5A), and the application of linear regression to data with round numbers may not fully appropriate.454

While the existence of such a bias is indeed in line with the analytical analysis of the steady state455

distribution of cluster sizes (Harshana Rajakaruna, ms. in preparation), this bias is small (perhaps456

one extra PyTCR cell in clusters of a total size of 20), and biological relevance of such a bias for the457

killing of the parasite is most likely limited.458
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3.6 Clusters of Py-specific CD8 T cells around Py-infected hepatocytes459

are formed rapidly460

Our analyses so far made an assumption that clusters around Plasmodium liver stages reach a steady461

state by 6-24 hours after T cell transfer. To understand potential limitations of this approach, we462

therefore performed several analyses using previously published experimental data.463

Because our main mathematical model of T cell clustering (eqns. (1)–(2)) can be solved nu-464

merically and thus fitted to experimental data assuming a specific clustering mechanism (e.g., DD465

recruitment model), we investigated if the rates of T cell entry into the cluster (λ0 and λ1) and466

rates of exit from the cluster (µ) can be estimated from data in which PyTCR cell clusters around467

Py-infected hepatocytes were observed at 6 hours after T cell transfer. Interestingly, fitting the DD468

recruitment model (eqns. (1)–(2)) to data on the clustering of PyTCR cells transferred alone (Figure469

2B or Figure 5A) revealed that model fits favored very high entry and exit rates, e.g., rates exceeding470

20-30/h (results not shown). By fixing the exit rate from the cluster to multiple values we found471

that estimates of the absolute and relative values of the entry rate depended strongly on the exit472

rate values, and the relative entry rates (θ0 and θ1) approached constant values at high exit rates473

(Table 3). Importantly, all the fits of models with dramatically different exit rates were of nearly474

identical quality as based on negative log-likelihood suggesting that data on clustering of T cells at475

one time point are not sufficient to estimate entry and exit rates simultaneously. These results were476

confirmed for two independent datasets (experiments with PyTCR cells alone as shown in Figure 2A477

and Figure 5A) although exact values of parameter estimates such as λ0 did slightly vary between478

two sets of experiments (see Figure 2 and estimates in Table S1 in [26]).479

µ=0.06/h µ=0.1/h µ=0.3/h µ=1/h µ=3/h
Estimated θ0 1.45

(1.10-1.88)
0.92

(0.70-1.23)
0.41

(0.30-0.51)
0.24

(0.17-0.31)
0.20

(0.14-0.28)
Estimated θ1 6.31

(4.37-7.71)
4.02

(2.77-4.91)
1.77

(1.29-2.09)
1.04

(0.84-1.17)
0.89

(0.77-0.98)

Table 3: Estimated relative entry rates in the DD recruitment model (θ0 and θ1) strongly depend on the
value of assumed exit rate from the cluster µ. We fixed the value of the rate of exit of T cells from the cluster
µ to different values (indicated in the top row) and fitted the DD recruitment model (with λk = λ0 + λ1k
and µk = kµ, see eqns. (1)–(2)) to experimental data on clustering of PyTCR T cells (n = 130) when
transferred alone (cluster formation was observed 6 hours after T cell transfer, see Figure 5A). The quality
of model fits to data as judged by the negative log-likelihood were nearly identical between different fits
(L ∼ 194); the fit of the model with µ = 3/h is shown in our previous publication (see Figure S1A and
Table S1 in Cockburn et al. [26]). To compare parameter estimates we show relative entry rates θ0 = λ0/µ
and θ1 = λ1/µ. Shown 95% confidence intervals for parameter estimates were obtained by bootstrapping
the cluster data for individual parasites 1000 times. Interestingly, the ratio θ1/θ0 was relatively constant for
different fits (Harshana Rajakaruna, ms. in preparation).

To gain further insights into the kinetics of T cell cluster formation we analyzed additional data480

in which the same parasites (n = 32) were followed after T cell transfer over time and cluster sizes481

at different time points were recorded (Figure 6A and Figure S2). In these experiments imaging482

started between 4 and 8 hours and followed for about 4 hours [26]. As expected there was a variable483

and statistically significant increase in the number of T cells found around individual Py-infected484

hepatocytes between T cell transfer and start of imaging (tstart, Figure 6B). In contrast, in the485

following ∼ 4−8 hours there was a minor change in cluster sizes (tend, Figure 6B). However, because486
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imaging of CD8 T cell cluster formation started at different time points after T cell transfer there487

may be biases associated with the simple analysis of the data which takes into account only start488

and end time points of the clusters (e.g., Figure 6B). To obtained more accurate insights we further489

analyzed these data using mathematical models of cluster formation.490

To take full advantage of these “longitudinal” data in which T cell cluster formation was followed491

over time for individual parasites (Figure S2), we divided the data into individual “paths”, i.e., the492

number of T cells found near the parasite at sequential time points. For example, a parasite which493

did not have any T cells nearby and for which measurements were done at 0, 4 and 6.2 hours after494

T cell transfer, the path is “0 → 0 → 0”. For the parasite that was surrounded by most T cells in495

these experiments, the path is “0 → 8 → 9” for times 0, 4, and 6.2 h post T cell transfer (Figure496

6B). A mathematical model of cluster formation can then be used to calculate the likelihood of a497

particular path by assuming that individual “sub-paths” along the path are independent (and thus498

by multiplying likelihoods of the model for individual sub-paths). For example, the probability to499

observe the path “0→ 8→ 9” at times (0, 4, 6.2) h is simply the product of the probability to observe500

9 T cells in the cluster at 6.2 hours given that at 4 hours there were 8 T cells in the cluster and the501

probability to observe 8 T cells in the cluster at 4 hours given that at 0 hours there were 0 T cells in502

the cluster:503

ppath = P9(6.2|k = 8, t = 4)× P8(4|k = 0, t = 0), (18)

where the probability Pk(t|i, t0) was calculated using the basic model (see eqns. (1)–(2)) with initial504

conditions Pi(t0) = θij and θij is Kronicker delta (θij = 1 if i = j and θij = 0, otherwise). Fitting the505

DD recruitment model to these “longitudinal” data subdivided into “paths” resulted in the following506

entry/exit rates λ0 = 0.14/h, λ1 = 0.16/h, µ = 0.09/h. Additional analysis by fixing exit rate µ to507

different values and then comparing quality of the model fit using likelihood ratio test revealed that508

estimate of the parameters are relatively robust (i.e., fixing the exit rate to much lower or much higher509

values resulted in fits lower quality as judged by likelihood ratio test). Furthermore, by resampling the510

paths with replacement we found relatively small confidence intervals for the estimated parameters511

suggesting that measurement of T cell clusters longitudinally allows for a relatively accurate estimates512

of all three parameters of the DD recruitment model determining the kinetics of cluster formation513

(results not shown).514

Parameter estimates of the model fitted to “longitudinal” (paths) data suggest that rates of entry515

into the cluster and exit from the cluster are relatively small, and this appears to contradict the516

formation of relatively large clusters already in 4 hours after T cell transfer (Figure 6C). Indeed,517

model fits did not accurately predict formation of clusters with > 5 T cells (results not shown). In518

addition, while the estimate of θ0 = λ0/µ was reasonable, the estimate of relative recruitment rate519

θ1 = λ1/µ was too low when compared with model estimates for clustering of T cells at 6 hours after520

transfer (e.g., Table 3 for µ = 0.1/h).521

The major caveat of the analysis is the assumption that the parameters determining T cell clus-522

tering are constant over time. Our data indicate that formation of clusters may be slowing down523

over time (Figure 6B). Therefore, we fitted the DD recruitment model to the longitudinal/path data524

assuming that parameters determining kinetics of cluster formation depend on the time since T cell525

transfer. Given how the data were collected (Figure S2) for our analysis we made the simplest as-526

sumption that the rates are constant in two time intervals: (0 − 4) h and (4 − 12) h but may be527

different between the time intervals. Assuming that in the DD recruitment model recruitment rates528
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Figure 6: Clusters of T cells around the parasite are largely formed by 4 hours post T cell transfer. Panel A:
mice were infected with 3× 105 GFP-expressing Py sporozoites. Twenty hours later 107 Py-specific activated CD8 T
cells (PyTCR) were transferred into infected mice and livers of these mice were imaged using intravital microscopy
between 4 to 12 hours later. In total 32 parasites were randomly chosen and number of T cells in 40 µm radius of the
same parasites were counted at both times [26]. Panel B: significant increase in the median size of the cluster around
Py-infected hepatocytes is observed in the first time period and there was a moderate increase in the median cluster
size in the following 4-8 hours (Wilcoxon sum rank test). Thick red line shows change in the median number of T
cells per parasite. In these experiments, 44% and 38% of all parasites did not have a single CD8 T cell nearby for first
and last measurement of T cell clusters, respectively. Panel C: we plot the distribution of cluster sizes as predicted by
the best fit model at different times after T cell cluster 4. The best fit model was a model assuming DD recruitment
(eqns. (1)–(2)) with entry rates into the cluster being dependent on the time period (0-4h and 4-12h) but with the
same exit rate during 12 hour period. Estimated parameters and their 95% confidence intervals for 0-4 h time interval
are λ0 = 0.21 (0.11− 0.34)/h and λ1 = 0.32 (0.11− 0.49)/h; for 4-12h time interval are λ0 = 0.04 (0.0− 0.10)/h and
λ1 = 0.05 (0.02 − 0.08)/h with the exit rate µ = 0.030 (0.0 − 0.086)/h. Panel D: we show the observed distribution
of cluster sizes at the last measurement for each parasite and predictions of the DD recruitment model for 12 hours
after T cell transfer. Panels E&F: correlation between the T cell entry rate into the cluster (panel E) or exit rate from
the cluster (panel F) as the function of the initial number of PyTCR T cells in the cluster. Points are experimentally
measured values from Cockburn et al. [26], solid lines show the regression lines with estimated intercept λ0 = 0.09/h
and slope λ1 = 0.14/h (panel E) or slope µ = 0.098/h (panel F); both slopes are significantly different from zero
(t-test). Dashed lines in panels E&F show prediction of the mathematical model for the recruitment and exit rates
estimated by fitting DD recruitment model to the clustering data.
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λ0 and λ1 are time-dependent and the exit rate µ is time-independent, the model fitted the data529

significantly better than the DD recruitment model with constant parameters (likelihood ratio test,530

χ2
2 = 30.0, p < 10−6). Parameter estimates suggest a six fold reduction in both λ0 and λ1 4 hours531

after T cell transfer (see legend of Figure 6 for actual parameter estimates). A similar decline in both532

λ0 and λ1 at 4 hours after T cell transfer was confirmed by fitting the model in which both rates533

declined by the same amount α; such a model fitted the data with a similar quality as the model534

that allowed for different decline in the two rates with time since T cell transfer (likelihood ratio535

test, χ2
1 = 0.02, p = 0.89). Because the distribution of cluster sizes was measured experimentally at536

different time points it was not possible to visualize the model fits of the data. However, because537

model predictions suggested little change in cluster size distributions between 4 and 12 hours after538

T cell transfer (Figure 6C), the model predicted well the distribution of cluster sizes for each of the539

parasite at the end of imaging (Figure 6D, χ2
8 = 1.14, p = 1). Interestingly, this analysis indicated540

an extremely slow rate of T cell exit from clusters at 4-12 hours after T cell transfer suggesting that541

nearly every cell that enters the cluster after 4 hours post T cell transfer remains in the cluster which542

is an indirect support for the “retention” model.543

An alternative DD recruitment model is one in which recruitment rates into the cluster remain544

constant over time but exit rates from the cluster change with time. This model did slightly improve545

the fit of the as compared to the model with constant parameters (likelihood change of 3.32, χ2
2 = 6.6,546

p = 0.01) and predicted that constant recruitment rates are λ0 = 0.14/h and λ1 = 0.19/h, and exit547

rate for the first 4 hours is µ = 0/h and for after 4 hours is µ = 0.19/h. This model suggests an548

alternative interpretation of the cluster formation dynamics — namely that T cells are recruited549

into the cluster and retained during the first four hours after T cell transfer — but after the initial550

time additional recruited T cells have a high chance of leaving. Because the quality of this model551

fit of the data was significantly worse than that of the model with time-dependent recruitment rates552

(∆AIC = 21 or Akaike weight w < 0.001 for time-dependent exit rate model), our data appear553

to be more consistent with the time-dependent recruitment and constant exit. This suggests that554

the best explanation of the longitudinal clustering data is that the formation of clusters is driven555

by the DD recruitment model in which the rate of T cell recruitment into the cluster declines over556

time. Parameter estimates also suggest that the formation of clusters around Py-infected hepatocytes557

occurs mainly during the first 4 hours after T cell transfer.558

The dynamics of change in the number of T cells near the parasite between 4 and 12 hours559

were followed by time-lapse intravital microscopy which allowed to calculate the number of T cells560

entering the cluster and leaving the cluster in this time period [26, Figure 6E-F]. Analysis showed that561

both entry and exit rates were strongly dependent on the cluster size k even though there was large562

variability in the number of T cells entering and exiting individual clusters. Interestingly, the slopes563

of the dependence of recruitment and exit rates was 2-3 fold higher for experimentally measured rates564

as compared to the parameters found by fitting DD recruitment model to longitudinal data (Figure565

6E-F). One potential explanation of this difference is that perhaps not all cells that come near the566

parasite (i.e., within 40 µm distance) recognize the infection and leave, thus, increasing the overall567

observed T cell surveillance rate. In contrast, the model only accounts for T cells which actually568

formed clusters and thus most likely have recognized the parasite.569
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4 Discussion570

Studies from two independent groups showed that activated Plasmodium-specific CD8 T cells form571

clusters around Plasmodium-infected hepatocytes and that such clusters are correlated with elimi-572

nation of the Plasmodium liver stages [26–28]. Application of mathematical models to data on the573

distribution of the number of Py-specific CD8 T cells around randomly chosen parasites suggested574

that formation of the clusters is not a random process; the model in which activated T cells of different575

specificities are attracted at a rate proportional to the number of Py-specific T cells already present576

near the parasite, described the data with best quality [26]. More recent work also suggested that577

formation of CD8 T cell clusters around Plasmodium-infected hepatocytes depends on CD11c+ cells578

and that activated CD8 T cells, specific to irrelevant antigens, do not appear to play a significant role579

in protection against Plasmodium challenge [28]. We analyze previous and additional data with the580

use of mathematical modeling to provide further insights into potential mechanisms of the formation581

of clusters around Py-infected hepatocytes.582

First, we found that several independent experimental datasets are fully consistent with the model583

in which variability in the number of activated Py-specific CD8 T cells located near the parasite-584

infected hepatocytes is driven by variability in the “environment” around the infected hepatocytes,585

providing indirect support for the T cell-extrinsic mechanism of cluster formation (e.g., Figure 3).586

These results suggested that data on clustering of Py-specific T cells alone are simply insufficient to587

discriminate between T cell-intrinsic and T cell-extrinsic mechanisms of cluster formation [42]. A588

key experiment, rejecting the “variability of the environment” hypothesis as the sufficient mechanism589

explaining distribution of cluster sizes is one involving either transfer of only OT1 T cells (which are590

not specific to Py antigens) or OT1 T cells together with PyTCR T cells – only in the latter case, OT1591

T cells form co-clusters with Py-specific T cells (Figure 4 and see [26, 28]). The mathematical model592

assuming fixed yet variable (between individual parasites) environment was not able to accurately593

explain such data (Figure 4).594

Second, while OT1 T cells of irrelevant specificity are found in clusters together with Py-specific595

CD8 T cells, we found no evidence that OT1 improve cluster formation (Figure 5). If anything, OT1596

T cells may in fact reduce the rate of recruitment of other T cells into the cluster as indicated by597

the negative values for the recruitment rate λ1 (Table 2); however, this value was not significantly598

different from zero. Mathematical modeling also suggested that there may be a slight bias in the599

clusters to have more Py-specific T cells than T cells of irrelevant specificity per cluster but the600

biological relevance of such a small bias remains unclear. The unimportant role of T cells of irrelevant601

specificity in the formation of T cell clusters in Py-infected mice is consistent with the observation602

that transfers of large numbers of activated CD8 T cells with irrelevant specificity into Plasmodium-603

infected mice did not impact efficiency at which parasites were killed by Plasmodium-specific T cells604

[28]. Interestingly, and perhaps surprisingly, this result contradicts a recent observation of suppression605

of development of T-cell-driven type 1 diabetes by islet-non specific CD8 T cells [43].606

Third, by following longitudinal changes in the number of CD8 T cells around individual parasites607

over time we found that T cell clusters are formed rather rapidly, at least within the first 4 hours608

after T cell transfer (Figure 6B), and mathematical modeling predicted recruitment of T cells to the609

parasite and retaining of the T cells in the cluster in that time period. Interestingly, the rates of entry610

into and exit from the clusters declined after the 4 hours six fold further supporting the conclusion611

that clusters are formed rapidly and few cells enter and exit the cluster after 4 hours since T cell612

transfer (Figure 6C-D). Stochastic simulations of the formation of clusters assuming DD recruitment613
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model with different entry/exit rates also suggested that between 4 and 8 hours post T cell transfer,614

entry and exit rates cannot be large (Figure S3). This is because when these rates are large, changes615

in the cluster size in the 4-8 hour time period are highly variable with some clusters growing in size616

exponentially while other clusters nearly disappearing (e.g., Figure S3C&F). This, however, was not617

observed in experimental data (shown by dotted histogram in Figure S3D-F and see Figure 6B and618

Figure S2). Rapid recruitment of CD8 T cells to the liver stages in the first 4 hours after T cell619

transfer may be the result of the specific experimental set-up as it is expected that immediately after620

intravenous injection, large numbers of T cells would be passing through the liver increasing chances621

of T cells finding the infection site [44], and that the number of liver-resident CD8 T cells tends to622

reach a steady state at 2-3 hours after T cell transfer [45, James O’Connor and Ian Cockburn (ms.623

in preparation)].624

Interestingly, there was some discrepancy between the estimated rates of T cell entry into the625

cluster and exit from the cluster measured experimentally and predicted by the model (Figure 6E-F)626

most likely indicating that not all T cells that were observed to come in close proximity with the627

parasite recognize it. We also found a strong correlation between experimentally measured rates of628

T cell entry into and exit from the clusters (Figure S4) which may indicate that in addition to T629

cell-intrinsic mechanisms of clustering, some parasites may be more “attractive” to T cells. Indeed,630

none of our tested models could well explain the formation of extremely large T cell clusters around631

Py-infected hepatocytes (e.g., with 15 or more T cells, see Figure 2B) which could indicate the need632

for future models to include both DD recruitment and variability in parasite’s attractiveness.633

In this paper we analyzed a number of different datasets that involve different cell types, different634

experimental set-ups, and different mice. We found it encouraging and perhaps a bit surprising that635

some of these datasets were in a way “consistent”. Specifically, we observed similar clustering of CD8636

T cells in naive mice (Figure 3A), PT-treated PyTCR T cells (Figure 2B), or activated OT1 T cells of637

irrelevant specificity (Figure 4A) and the random entry/exit model described these data with nearly638

identical parameters (likelihood ratio test, χ2
2 = 5.38, p = 0.07). The DD model could describe the639

distribution of cluster sizes of PyTCR T cells in three different experiments (Figure 2A and data in640

[26]) with identical parameters (χ2
4 = 3.31, p = 0.51). However, the clustering of CD8 T cells following641

immunization with radiation-attenuated sporozoites (Figure 3B) did not match well the clustering642

of the mixture of PyTCR and OT1 T cells (χ2
2 = 12.21, p = 0.002) perhaps highlighting potential643

differences between active and passive immunizations (the latter involving transfer of pre-activated644

CD8 T cells).645

In multiple analyses we found that a DI exit (retention) model did not describe well the clustering646

data. However, a poorer fit of the data (as compared to other tested models) does not necessarily647

falsify a model [42], and additional experiments will be needed to formally rule out this model. Fitting648

the DI exit model to the “longitudinal” data on change in cluster size around individual parasites649

(e.g., Figure S2) revealed that this model could not accurately describe the data assuming a constant650

entry and time-dependent exit rates based on likelihood of the model (L = 100.2 vs. L = 83.0 of the651

DD recruitment model with time-dependent recruitment and constant exit rates, results not shown).652

In addition, if the rate of T cell exit from the clusters found in the DD recruitment model is constant653

over the course of the first 12 hours since T cell transfer, it would suggest that T cells mostly enter654

the clusters and rarely exit them (given µ = 0.028/h corresponding to the residence time of T cells655

in the cluster of about 1/µ ≈ 36 h), providing some indirect support for the retention model.656

Conversely, our result that the DD recruitment model describes most of the data with best quality657

does not prove that this model is the true mechanism of the formation of large clusters around Py-658
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infected hepatocytes. Future experiments will have to test the major prediction of the model —659

that clusters of a large size attract more T cells per unit of time. Such experiments may involve660

measurement of T cell movements in the liver using intravital microscopy and estimating bias in T661

cell shift towards the parasite. Indeed, our recent work suggested that there is a bias in PyTCR cell662

movements towards Py-infected cells [31] but more analyses are needed to evaluate whether such a663

bias depends on the number of T cells already present at the parasite and whether a small bias is664

sufficient to explain the formation of larger clusters (with k ∼ 5 − 10 of CD8 T cells per parasite)665

within few hours after T cell transfer. Detecting a bias in T cell movement towards the infection666

site may be complicated as our current analysis predicts that “attraction” seems to be present only667

during the first 4 hours after T cell transfer (Figure 6C-D).668

Our analysis has several potential limitations. The biggest issue is that by using numerical669

solutions of the DD recruitment model we showed that the distribution of cluster sizes at a single670

time point does not allow to accurately estimate the rates of T cell entry into the clusters and671

T cell exit from the clusters, and thus, most of our analysis were restricted to estimating relative672

recruitment rates. Ongoing analysis has also demonstrated this point using analytical derivations673

(Harshana Rajakaruna, ms. in preparation). While the estimated values of the recruitment rates λ0674

and λ1 in the DD recruitment model directly depend on the assumed exit rate µ (see Table 3) we675

showed that the likelihood of the model fit to data assuming a steady state or dynamics for clusters676

at a given exit rate µ were nearly identical strongly suggesting that our results on best fit models677

obtained assuming steady states are robust. However, the actual values of the entry and exit rates678

cannot be found with certainty as these depend on the actual value of the assumed exit rate (Table679

3).680

Another complexity in the analysis comes from our finding that rates of T cell entry into the681

cluster are time-dependent (Figure 6). To investigate whether this impacts our selection of best fit682

models assuming steady state solutions we did the following. We fitted the DD recruitment model to683

the clustering data at one time point by assuming that early recruitment rates λ0 and λ1 are unknown684

and that late entry rates are fixed to values found from the analysis of longitudinal data (Figure 6)685

and that the exit rate µ is constant. Under these minimal assumptions the model fit was of nearly686

identical quality as the model fit of the data assuming a steady state (results not shown). Therefore,687

even for time-dependent parameters our results determining which models are not consistent with688

clustering data remain valid.689

An important experimental limitation of our data is the way of how experiments were performed690

whereby pre-activated T cells were transferred into mice that had been already infected with Plas-691

modium sporozoites (e.g., Figure 2A). This sequence of events does not fully match the physiological692

situation in which activated or memory CD8 T cells are already present at the time of sporozoite693

challenge. In fact, the rapid predicted decline in the rates of T cell recruitment into clusters with time694

suggests that it may be an artifact of the experimental system. Whether change in the experimental695

protocol will lead to support of the same mathematical models of cluster formation remains to be696

determined (and is the focus of our ongoing experiments and analyses).697

Mathematical methodologies used in this work provided deeper understanding of how CD8 T698

cells form clusters around Plasmodium-infected hepatocytes. While formation of such clusters was699

a novel observation in malaria infection of the liver, clusters of immune cells have been observed in700

multiple systems including herpes simplex virus (HSV) [46] and Mycrobacterium tuberculosis (Mtb)701

[47]. In fact, formation of granulomas in Mtb-infected animals and humans is a classical example of702

T cell clustering around the infection site. Interestingly, both Mtb-specific CD4 T cells and CD4 T703

25

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 31, 2018. ; https://doi.org/10.1101/508796doi: bioRxiv preprint 

https://doi.org/10.1101/508796
http://creativecommons.org/licenses/by-nc/4.0/


cells of irrelevant specificities were found in granulomas of Mtb-infected monkeys [48] which could be704

explained by the DD recruitment model extended in this work. Movement of neutrophils towards an705

injury site may also depend on the number of neutrophils that have already reached the site [49]. It706

may be useful to combine mathematical modeling tools for deeper understanding of the mechanisms707

of formation of clusters of immune cells in these and other systems.708

While our work provides some clarification regarding mechanisms of CD8 T cell cluster forma-709

tion around Plasmodium-infected hepatocytes, many questions remain. In particular, while clusters710

appear to be important for the death of the parasite [26, 27], whether clusters of a larger size kill the711

parasites faster remains unknown. Classical work involving killing of chromium-labeled target cells712

by cytotoxic T lymphocytes (CTLs) suggested a faster killing of targets bound by multiple CTLs [50],713

and in vivo, death of peptide-pulsed targets is directly proportional to the number of peptide-specific714

CTLs [30]. Recent work also suggested that the probability of death of virus-infected cells in skin715

in vivo was higher when the infected cell was contacted by several antigen-specific CD8 T cells [29].716

Whether the same relationship holds for T cells killing Plasmodium parasites in the liver remains to717

be determined.718

Our results suggest that activated CD8 T cells of irrelevant specificities do not play a major role719

in cluster formation, and elegant experiments demonstrated that large numbers of non-specific T cells720

do not impair the ability of Plasmodium-specific T cells to eliminate the parasites [28]. However, the721

latter result was found by using only two different ratios of Plasmodium-specific and non-specific T722

cells and 3 mice per group, so it remains to be determined if competition between such cells for the723

access to infected cells occurs at higher ratios, e.g., as has been observed in another system [43]. In724

natural settings we do expect that Plasmodium-specific T cells will be likely outnumbered by memory725

T cells specific to other infections, and therefore, deeper understanding of such competition may be726

of relevance to malaria vaccines, inducing liver-resident memory CD8 T cells for protection [51].727

Accumulation of large numbers of CD8 T cells around Plasmodium-infected cells raises an intrigu-728

ing possibility that parasites may in fact attempt to attract T cells. While this may be detrimental to729

an individual parasite, as a population this may give an advantage if attracting many T cells to one730

site prevents T cells from effectively locating parasites at other sites. To cause blood-stage infection,731

there is a need for only one liver stage to mature and release differentiated parasites (merozoites)732

into the blood stream. Indeed, it should be noted that in most of our experiments, many of surveyed733

parasites did not have a T cell nearby at 6-8 hours after T cell transfer. Future studies may be needed734

to investigate whether such a strategy is indeed evolutionarily advantageous.735

Taken together, here we illustrated the power of combining the use of detailed quantitative ex-736

perimental data with mathematical modeling, and limitations that come from inability to make737

solid conclusions from extensive yet limited experimental data. The field of immunology will likely738

benefit from closer collaborations between experimentalists and modellers where experimentalists739

being involved in data analyses and modeling, and modellers are cooperating with experimentalists740

in designing experiments to test and potentially falsify alternative mathematical models.741
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Figure S1: Dynamics of cluster formation as predicted by the random entry/exit (Poisson) and density-
dependent (DD) recruitment models. We simulated the dynamics of cluster formation using eqns. (1)–(2)
in the main text and plot the probability to observe k T cells around a parasite, Pk(t), as predicted by the
Poisson model (panels A-B, λ0 = 0.15/h, µ = 0.1/h), DD recruitment model with low entry into/exit from
the cluster rats (panels C-D, λ0 = 0.15/h, λ1 = 0.15/h, µ = 0.1/h), or the DD recruitment model with
high entry into/exit from the cluster rates (panels E-F, λ0 = 0.5/h, λ1 = 0.5/h, µ = 0.5/h). We show the
dynamics of the probability Pk over time (panels A, C, E) or the distribution of cluster sizes at 6 or 24 hours
after start of cluster formation (panels B, D, F).
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Figure S2: Moderate change in the T cell cluster size over time. We performed imaging experiments as
described in Figure 6A and counted the number of T cells found around individual parasites at start and end
of intravital imaging done after T cell transfer. Individual panels show change in T cell cluster size around
n = 32 parasites in four individual mice. Imaging of T cell clusters started at different times in individual
mice and followed for different lengths of time. Note that as we observed before, 12 parasites had no T cells
near them at both observations. Overall, there was a statistically significant but small change in the cluster
size of the imaging period (as summarized in Figure 6B).
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Figure S3: Stochastic simulations of cluster formation suggest an upper limit on the rate of T cell exit
from the clusters. We ran Gillespie simulations of the cluster formation assuming different constant (time-
independent) values for the entry rates into the cluster (λ0 and λ1) and exit rates from the cluster (µ) found
by fitting the DD recruitment model to experimental data in Figure 6C-D. Three values of the exit rate
were fixed: µ = 0.1/h (panels A&D), µ = 0.5/h (panels D&E), and µ = 3/h (panels C&F) and remaining
parameters were estimated by fitting the model (eqns. (1)–(2)) to data (Figure 2B). These parameters are
shown on individual panels. We simulated changes in cluster size for n = 103 parasites. Panels A-C show
sample trajectories of cluster sizes of 20 of such simulations, and panels D-F show the change in the size
of the cluster between 4 and 8 hours after start of simulation for all simulations (solid bars) or changes
in cluster sizes as was observed in experimental data (dotted bars, see also Figure 6B). These simulations
indicate that at high exit rates (∼ µ = 1 − 3/h) and at high entry rates there are large fluctuations in the
cluster sizes between 4 and 8 hours (panels C&F) which is not observed in experimental data. Thus, in the
4-8 hour time period exit and entry rates cannot be extremely large for the DD recruitment model to be
consistent with experimental data. Furthermore, simulations with smaller rates (panels A&D) also indicate
increase in the average cluster size over time (since λ1 > µ) which is also not consistent with the change in
cluster size at 4-8 hours post T cell transfer.
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Figure S4: Experimentally measured rate of T cell exit from the cluster correlates with the rate of T
cell entry into the cluster. We plotted the correlation between the experimentally measured number of T
cells coming with a 40 µm radius of a given parasite per unit of time (entry rate, see Figure 6E) and the
number of T cells leaving a given cluster per unit of time (exit rate, see Figure 6F) for n = 32 parasites.
P-values were calculated using Spearman Rank correlation test (with correlation coefficient ρ indicated),
and lines indicate trends of the correlation found using a linear regression. The statistical significance of the
correlation is shown for all data (circles) or for data that excluded two potential outliers (triangles).
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