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SUMMARY

T cells rapidly undergo contraction upon viral clear-
ance, but how T cell function and fate are determined
during this phase is unclear. During the contraction
phase of an acute infection with lymphocytic chorio-
meningitis virus, we found that virus-specific CD8+

T cells within the splenic red pulp (RP) had higher
two-dimensional (2D) effective affinity than those
within the white pulp (WP). This increased antigen
recognition of RP-derived CD8+ T cells correlated
with more efficient target cell killing and improved
control of viremia. FoxP3+ regulatory T cells and
cytokine TGF-b limited the 2D-affinity in the WP dur-
ing the contraction phase. Anatomical location drove
gene expression patterns in CD8+ T cells that led to
preferential differentiation of memory precursor WP
T cells into long-term memory cells. These results
highlight that intricate regulation of T cell function
and fate is determined by anatomic compartmental-
ization during the early immune contraction phase.

INTRODUCTION

Upon infection, naive CD8+ T cells proliferate and expand; this

process is antigen specific and dependent on help from a pano-

ply of co-stimulatory and inflammatory cytokines. If the path-

ogen is cleared, the majority of these cells will die by apoptosis

during the contraction phase. A small portion of these effector

cells differentiate to memory T cells where they can be poised

to respond to a recall antigen quicker and with more vigor than

during the primary response. Effector and memory precursor

T cells can be further subdivided based on expression of specific

markers such as CD127 and KLRG1. Short-lived effector cells

are KLRG1hiCD127lo whereas memory precursor cells are

KLRG1loCD127hi (Joshi et al., 2007; Kaech et al., 2003). Memory

precursors are potentially derived from a total pool of effector

cells and it can take several weeks to differentiate into fully func-

tional memory cells with the ability to proliferate upon secondary
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encounter with antigen. A multitude of transcription and gene

regulatory factors such as T-bet, Blimp-1, EOMES, and BCL-6

are invoked during this transition (Kaech and Cui, 2012). Even

T cells bearing genetically identical T cell receptors (TCRs)

display heterogeneous clonal expansion and differentiation pat-

terns (Gerlach et al., 2013) despite the inability to increase their

TCR affinity by somatic hypermutation. This suggests that func-

tionality and fate of T cells may be influenced by extrinsic signals

such as communication with other cells and cytokines in their

respective anatomic locations over time.

The TCR recognizes antigen in the context of a major histo-

compatibility (MHC) molecule, which is critical for determining

T cell fate during thymic development as well as peripheral acti-

vation and differentiation (Anderson and Jenkinson, 2001;Mann-

ing and Kranz, 1999; Starr et al., 2003). TCR-peptide (p)MHC

binding bridges the junctional gap between a T cell and an anti-

gen-presenting cell, hence requiring direct physical contact be-

tween two surfaces. As such, in situ two dimensional (2D) TCR

affinity for a surface-linked pMHC is affected by other compo-

nents of the cell membrane. Further, the TCRmolecules are clus-

tered on the T cell membrane and their surface organization is

influenced bymembrane structure and cytoskeletal components

(Beemiller and Krummel, 2010; Campi et al., 2005; Grakoui et al.,

1999; Miceli et al., 2001; Monks et al., 1998; Yokosuka et al.,

2005), making the TCR-pMHC interaction potentially multimeric

(Slifka and Whitton, 2001) and the 2D TCR affinity variable de-

pending on the developmental and functional state of the T cell

(Richer et al., 2013). The 2D force-free TCR-pMHC (Adams

et al., 2011; Huang et al., 2010) and TCR-pMHC-CD8 (Jiang

et al., 2011; Liu et al., 2014) binding kinetics differ substantially

from the 3D counterparts measured by surface plasmon reso-

nance (SPR) using engineered TCR constructs made by E. coli.

2D measurements correlate much better with T cell responses

(Adams et al., 2011; Huang et al., 2010; Jiang et al., 2011; Liu

et al., 2014) and are much more sensitive than pMHC tetramer

technology (Liu et al., 2014; Sabatino et al., 2011).

In this study, we found that anatomic compartmentalization

regulates TCR-pMHC interaction and fate of CD8+ T cells during

the early contraction phase of viral infection. We measured the

TCR-pMHC interaction by micropipette technology and found

that virus-specific TCR transgenic P14 T cells within the splenic

red pulp (RP) displayed significantly higher effective 2D affinity
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(Chesla et al., 1998; Huang et al., 2007, 2010) than those from the

white pulp (WP). Early determination of gene expression during

the initial contraction phase led memory precursors from the

WP to preferentially develop into long-term memory cells as

compared to their counterparts in the RP despite expression of

the same memory markers (KLRG1loCD127hi). Our results sug-

gest a regulatory mechanism of TCR-pMHC interaction, gene

expression, and generation of effector and memory precursor

cells governed by cellular and cytokine microenvironmental

compartmentalization of the lymphoid organ during the early

contraction phase of an antiviral response.

RESULTS

Anatomic Compartmentalization Regulates TCR-pMHC
Interaction of CD8+ T Cells during Early Immune
Contraction Phase
Recognitionof antigenby theTCR is thecritical step for Tcell acti-

vation and differentiation, which may be influenced by anatomic

location of T cells. In order to assess whether the TCR-pMHC

interaction remained consistent or differed throughout the infec-

tion and resolution period, we quantified the cross-junctional

TCR-pMHC interaction by in situmeasurements on the T cell sur-

face using two-dimensional (2D) micropipette methodology to

derive the effective 2D affinity (Chesla et al., 1998; Huang et al.,

2007, 2010) upon infection with lymphocytic choriomeningitis

virus (LCMV) Armstrong (Arm) (Figure S1A). We utilized TCR

transgenic ‘‘P14’’ T cells that are restricted for the H-2Db LCMV

glycoprotein gp33-43 (gp33) epitope (KAVYNFATCGI). Typically

robust anti-viral T cell responses to acute LCMV-Arm infection

peak at 7–8 days post infection (dpi) with subsequent elimination

of virus by day 8 (Wherry et al., 2003). The TCR-LCMV gp33

pMHC interaction of adoptively transferred P14 T cells isolated

from theWP and RPwasmeasured at various dpi encompassing

naive, effector, and memory phases of T cell differentiation. A

mutated H2-Db MHC that abolishes CD8 binding was used to

focus the pMHC interaction only to the TCR and eliminate any

contribution of the CD8 molecule. We observed that effective

2D TCR affinity of P14 T cells from the RP was increased during

the early contraction phase (9 and 11 dpi), whereas cells from

the WP displayed significantly lower effective 2D affinity (Fig-

ure 1A). By comparison, no significant effective 2D affinity differ-

ences were observed between T cells from theWP and RP com-

partments at 0 (naive), 7 (effector), and31 (memory) dpi (seeTable

S1 for the measured effective 2D TCR affinity values). Addition-

ally, when we measured 2D TCR affinity of endogenous CD8+

T cells specific for a different LCMV epitope np396-404 pMHC at

11 dpi, the RP antigen-specific CD8+ T cells again displayed

significantly higher effective 2D TCR affinity than theWP-derived

cells (Figure 1B). This result suggested that the differential effec-

tive 2D TCR affinity is not unique to transgenic P14 T cells target-

ing the gp33 epitope. The differences in 2D effective affinities

were not due to aberrant expression of TCR levels on P14 cells,

as shown by the fact that the expression was similar irrespective

of their anatomic location (Table S1). To exclude the possibility of

involvement of a second TCRa chain in TCR-pMHC interaction,

we also measured 2D effective TCR affinity of RAG-1-deficient

P14 T cells. Similar to the previous result (Figure 1A), RAG-1-defi-

cient P14 from the RP displayed significantly higher effective 2D
TCR affinity than cells from the WP (Figure 1C). Importantly, the

differential effective 2D affinity is TCR and pMHC specific, as

no differences were observed for binding of the CD8 molecule

with the MHC (Figure 1D) and of TCR with an anti-TCR antibody

(Figure 1E) between T cells from the WP and RP. However,

allowing the CD8 molecule to synergize with the TCR to form

cooperative TCR-pMHC-CD8 tri-molecular bonds by using the

wild-type pMHC molecule (Jiang et al., 2011; Liu et al., 2014)

significantly amplified effective 2D affinity differences between

T cells from the WP and RP (Figure S1B). Furthermore, pMHC

tetramer staining of cells obtained from the two compartments

was indistinguishable (Figure 1F), consistent with previous re-

ports that our mechanical-based assay is more sensitive than

tetramer stainingmethodology to discriminate TCR-pMHC inter-

action differences (Liu et al., 2014; Sabatino et al., 2011). These

results indicated that the TCR-pMHC interaction of antigen-spe-

cific CD8+ T cells is regulated by their anatomic location in the

spleen during the early immune contraction phase.

The Increased Effective 2D TCR Affinity Correlates with
Enhanced Cell Killing by CD8+ T Cells and the Ability to
Recognize a Viral CTL Escape Epitope
Increases in the effective 2D TCR affinity of circulating T cells

during early contraction phase may enable them to recognize

target cells that contain less antigen. Consistent with this

idea, T cells circulating in the peripheral blood, possibly prob-

ing for minute residual antigen(s), displayed higher effective

2D affinity than T cells residing in the WP at 11 dpi, whereas

no significant effective 2D affinity differences were observed

at 7 and 15 dpi (Figure 2A). RP-derived T cells isolated by intra-

vascular cell staining technique (Anderson et al., 2014) contain

only a small proportion of intravascular cells (�4%) (Figure S2).

Therefore, the small percentages of intravascular cells in the RP

were not the major contributors to effective 2D TCR affinity

outcome of T cells in RP. The increased effective 2D affinity

may help to prevent viral persistence during the early immune

contraction phase, which could result from viral cytotoxic T

lymphocyte (CTL) escape mutation(s). To test this idea, we

used the gp35A ligand obtained by substituting an alanine for

valine at position 35 of gp33 epitope. This mutation was natu-

rally observed previously during persistent infection of mice

with LCMV (Puglielli et al., 2001). T cells from the RP displayed

higher effective 2D TCR affinity to gp35A bound to H2-Db than

cells from the WP (Figure 2B). Further supporting the idea

above, P14 T cells from the RP at 11 dpi killed LCMV gp35A

(Figures 2C and 2D) and gp33-pulsed (Figure 2E) target cells

more efficiently than T cells from the WP. Thus, P14 T cells

from both RP and circulating peripheral blood bound antigen

with higher TCR-pMHC effective 2D affinity than T cells residing

in the WP and this correlates with an increased effector func-

tion for killing target cells. These results suggest that the

increased 2D affinities of CD8+ T cells are important to recog-

nize, target, and clear viral CTL escape variants during the early

immune contraction phase.

TregCells andTGF-bRegulate TCR-pMHC Interaction of
CD8+ T Cells in the WP
Wenext investigatedwhether differentialmicroenvironmental fac-

tors between the WP and RP regulate TCR-pMHC interactions.
Immunity 45, 988–998, November 15, 2016 989
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Figure 1. Anatomic Segregation Regulates

TCR-pMHC Interaction of CD8+ T Cells

over Time

P14 T cells were adoptively transferred to B6 mice

1 day before infection with LCMV-Arm and iso-

lated on indicated dpi from splenic white (WP) or

red pulp (RP) for effective 2D TCR affinity mea-

surement by micropipette.

(A) TCR-pMHC interaction of P14 T cells from the

WP (blue) or RP (red) measured at the indicated

dpi. Dashed line indicates measured effective 2D

affinity for CD8-MHC interaction (from D).

(B) Interaction between np396 pMHC and TCR of

endogenous CD8+ T cells isolated from the WP

(blue) or RP (red) was measured at 11 dpi by

micropipette.

(C) TCR-pMHC interaction of RAG-1-deficient P14

T cells from the WP or RP was measured at 11 dpi

by micropipette.

(D) CD8-MHC interaction of P14 T cells from the

WP and RP were measured by micropipette.

(E) Adhesion frequencies for TCR-pMHC and

TCR-anti-TCR antibody of P14 T cells from theWP

and RP were measured by micropipette.

(F) Thy1.1+ P14 cells from the WP or RP were

stained with gp33 tetramer (gp33 Tet) at 11 dpi.

For each condition of micropipette assay, more

than 8 cell pairs were tested with 30 contacts

(A–E). Each figure shows a representative result of

at least three independent experiments. The box

and whisker graph displays 25%–75% (box) of

data and the minimum and maximum values

(whisker). The line within the box represents the

median value. NS = not significant; ***p < 0.001.

See also Figure S1 and Table S1.
Although the majority of CD4+ T cells resided in the WP, CD8+

T cells were preferentially located in the RP (Figures S3A and

S3B). Thus,CD8+T cells residing in theWPmayhavemoreoppor-

tunity to communicate with or be regulated by CD4+ T cells

than those residing in theRP, as a consequence resulting in differ-

ential 2D TCR affinities. Although CD4+ T cells are not required for

CD8+ T cells to clear LCMV-Arm (Matloubian et al., 1994), the

depletion of this subset significantly increased the effective 2D

TCR affinity of P14 cells from the WP at 11 dpi but had no

impact to those isolated from the RP (Figure 3A). One could

postulate that CD4 depletion may delay the clearance of viral

antigen during this period, which would subsequently increase

the 2D TCR affinity of P14 cells from the WP. However, our mea-

surement of TCR-pMHC interaction at 5 dpi indicates that the
990 Immunity 45, 988–998, November 15, 2016
effective 2D TCR affinity of P14 cells iso-

lated from both the WP and RP compart-

ments were very similar and significantly

lower than 9 and 11 dpi (Figure 1A) despite

the presence of ample viral antigens

(Wherry et al., 2003). Therefore, the poten-

tial delay in clearance of antigen by CD4

depletion, if true, may not be responsible

for changes we observe in increased 2D

effective affinity of P14 cells isolated from

the WP. However, the frequency of

FoxP3+ regulatory T (Treg) cellswas signif-
icantly increased in the spleen during this early contraction phase

(11 dpi) compared to the effector phase (7 dpi) (Figure S3C),

suggesting that these cells may account for the observed effect

seen when total CD4+ T cells were depleted. To test whether

Treg cells controlled the 2D effective affinity of P14 T cells in

the WP, we utilized the FoxP3-DTR (human diphtheria toxin re-

ceptor) mice to selectively deplete FoxP3+ Treg cells at 7 dpi

and subsequently measured the TCR-pMHC interaction of P14

T cells at 11 dpi. Similar to depletion of CD4+ T cells (Figure 3A),

removal of FoxP3+ Treg cells also increased the effective 2D

affinity of P14 T cells from the WP (Figure 3B), indicating an

important role for Treg cells in the WP in stabilizing or maintaining

effective 2D TCR affinity of CD8+ T cells during early immune

contraction.
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Figure 2. The Increased Effective 2D TCR

Affinity Correlates with Cell Killing by

P14 T Cells

P14 cells were adoptively transferred into mice,

followed by infecting the mice with LCMV-Arm.

(A) At 7, 11, and 15 dpi, the effective 2D TCR

affinities of P14 T cells from the WP, RP, or

peripheral blood (PB) was measured by micropi-

pette assay.

(B) The effective 2D TCR affinities of the WP and

RP P14 cells to LCMV gp33 (GP33) and 35A

(GP35A)-pMHC were measured by micropipette

assay at 11 dpi.

(C–E) Specific killing of LCMV peptide gp35A (0.4,

0.04, 0.004 mg per mL) (C, D) or gp33 (0.04 mg per

mL)-pulsed (E) splenocytes by P14 T cells fromWP

and RP at 11 dpi was measured by flow cytometry

(n = 5).

Each data point showsmean ± SEM. More than 10

cell pairs with 30 contacts were tested for each

condition (A and B). Each figure shows a repre-

sentative result of at least three independent ex-

periments. For the box whisker graph, the box

represents 25%–75% of data and whisker in-

dicates the minimum and maximum values. The

line within the box represents the median value.

NS = not significant; *p < 0.05, ***p < 0.001. See

also Figure S2.
Transforming growth factor-b (TGF-b) plays a pleiotropic role

in the control of T cell responses (Li and Flavell, 2008) including

modulation of Treg cell function (Chen et al., 2003). We therefore

blocked the TGF-b receptor signaling by injecting mice with a

specific inhibitor (SB431542) at 8, 9, and 10 dpi and measured

TCR-pMHC interactions of P14 T cells at 11 dpi. In concordance

with our previous data, blockade of TGF-b also significantly

increased the effective 2D TCR affinity of P14 T cells from the

WP (Figure 3C). In addition, in vitro incubation of RP P14

T cells with recombinant TGF-b significantly decreased their

effective 2D affinity (Figure 3D) when isolated from 11 dpi, but

not from 7 dpi (Figure S4). These results led us to examine

whether Treg cells regulate effective 2D affinity of T cells through

production of TGF-b. We incubated RP-derived P14 T cells with

CD4+FoxP3+ cells in vitro in the presence or absence of TGF-

b-blocking antibodies for 24 hr and measured the effective 2D

TCR affinities of P14 T cells. In agreement with our previous

data (Figure 3B), incubation of P14with FoxP3+ cells significantly

decreased their 2D TCR affinity. However, this decrease was not

observedwhen TGF-b blocking antibodies were added nor when

P14 cells were co-cultured with the CD4+Foxp3� population

(Figure 3E). Thus, Treg cells are the major source of TGF-b to

maintain an effective 2D TCR affinity of CD8+ T cells during the

early immune contraction phase.

Anatomic Compartmentalization Regulates Gene
Expression Profile Patterns of CD8+ T Cells
Our data indicate that TCR-pMHC interaction of T cells is

controlled by cellular and cytokine microenvironmental factors

such CD4+ T cells, Treg cells, and TGF-b (Figure 3). These distinct

spatially regulated signals could affect gene expression profiles of

antigen-specific T cells, resulting in divergent cell function and

fate. We performed transcriptome mRNA sequencing (RNA-seq)
analysis on TCR transgenic P14 CD8+ T cells isolated from the

splenic WP and RP compartments at 0, 7, 11, 15, and 33 days

after LCMV-Arm infection in order to kinetically assess differences

in gene expression during T cell activation, expansion, and

memory development. We observed distinct gene expression

profiles between P14 T cells isolated from the WP and RP when

compared to their respective naive day 0 pre-infection compart-

ment, ranging from28% to 48%non-overlapping differentially ex-

pressed genes (DEGs; 2-fold, p < 0.001) throughout the infection

period despite the fact that these were genetically identical

T cells (Figure 4A).

We further performed time-series analyses (Ernst et al., 2007)

of these RNA-seq data to better understand how gene expres-

sion is regulated between the WP- and RP-isolated P14 cells

throughout the T cell developmental phases (Figures 4B and

S5). Kinetically, by 7 dpi, we observe four distinct nodes that

denote genes that are either up- or downregulated when

compared to their initial pre-infection time point at day 0.

Between 7 and 11 dpi, further changes in gene expression

are indicated as transition states (TSs) where differences in

both the number of genes and their fold expression values be-

tween the WP- and RP-derived P14 cells are shown. For

example, the expression levels for the 80 genes of WP TS1

were increased�64-fold at 11 dpi and were subsequently main-

tained throughout the memory phase. However, such fold in-

creases were not observed in any of the RP-isolated P14 cells’

gene subsets. At most, there is a 16-fold increase in the 210

genes that are expressed in the TS1 of the RP compartment.

In addition, when the top ten genes, solely based on their expres-

sion values in P14 cells at 11 dpi from each transition state, were

compared, not only was the gene list different, but also their

expression levels weremarkedly different between the two com-

partments (see heatmaps of each transition state for WP- and
Immunity 45, 988–998, November 15, 2016 991
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Figure 3. Microenvironmental Factors Con-

trol TCR-pMHC Interaction of CD8+ T Cells

(A) Mice were untreated (CTR) or treatedwith CD4-

depleting antibody (CD4D) �1 and 0 dpi and

effective 2D TCR affinities of P14 T cells from

splenic WP or RP were measured at 11 dpi.

(B) WT or FoxP3-DTR mice were treated with

diphtheria toxin at 7, 8, and 10 dpi to deplete

FoxP3-expressing cells. Effective 2D TCR affi-

nities were measured at 11 dpi.

(C) Mice were either untreated (CTR) or treated

with SB431642 at 8, 9, and 10 dpi. Effective 2D

TCR affinities were measured at 11 dpi.

(D) P14 cells from RP were sorted at 10 dpi and

incubated with or without rTGF-b for 24 hr to

measure effective 2D TCR affinities.

(E) P14 cells were sorted from the RP at 10 dpi and

incubated with FoxP3� or FoxP3+ cells that were

sorted from FoxP3-DTR-GFP mice in the absence

or presence of TGF-b-blocking antibodies for

24 hr. Effective 2D TCR affinities were measured

by micropipette.

More than 10 cell pairswith 30 contactswere tested

for each condition. The box displays 25%–75% of

data and whisker represents the minimum and

maximum values. The median value is shown as

line within the box. Each figure shows a represen-

tative result of at least three independent experi-

ments. NS = not significant; *p < 0.05, **p < 0.01,

***p < 0.001. See also Figures S3 and S4.
RP-derived P14 cells shown in Figure S5). Transcriptional deci-

sions for memory cell fate were established during this early

immune contraction phase. Once the transition states were

established by�11 dpi, the patterns and their expression values

were maintained throughout the subsequent contraction (15 dpi)

and memory phases (33 dpi).

To better understand the differential 2D TCR affinities between

CD8+ T cells from the WP and RP compartments at 11 dpi, we

analyzed genes related to the cell surface and plasma mem-

brane. Through gene ontology (GO) analysis, we found substan-

tial enrichment for genes related to cell surface-related mem-

brane structures in RP P14 T cells when compared to WP P14

T cells. We identified DEGs that enriched for the membrane mi-

crodomain (RP, p = 2.18 3 10�8; WP, p = 3.32 3 10�4), plasma

membrane protein complex (RP, p = 2.833 10�6;WP, p = 7.393

10�4), extrinsic component of plasmamembrane (RP, p = 1.903

10�5; WP, p = 5.39 3 10�3), extrinsic component of membrane

(RP, p = 3.58 3 10�5; WP, p = 7.68 3 10�4), integrin complex

(RP, p = 2.06 3 10�4; WP, p = 2.11 3 10�3), and plasma mem-

brane receptor complex (RP, p = 7.68 3 10�4; WP, p = 0)

(Figure 4C). TGF-b that affects 2D TCR affinity of T cells (Figures

3C–3E) has been known to regulate plasma membrane pro-

tein clustering (Yamazaki et al., 2009). Thus, these results sug-

gested that the TCR-pMHC interaction may be regulated by

the T cell membrane spatial connectedness. Since cholesterol

is critically important to maintain membrane integrity, we

measured the TCR-pMHC interaction after cholesterol seques-

tration by nystatin (Figure 4D) or depletion using cholesterol

oxidase (Figure 4E) at 11 dpi. Consistent with previous reports

(Huang et al., 2007, 2010; Jiang et al., 2011; Liu et al., 2015),

these treatments significantly reduced the effective 2D TCR
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affinities and eliminated the differences seen between P14 cells

isolated from splenic WP and RP compartments.

We next performed enrichment map analysis to identify bio-

logical processes that are differentially enriched between the

RP and WP P14 T cells at 11 dpi. We found significant enrich-

ment for biological processes related to regulation of cell activa-

tion including immune response (enrichment score [ES] = 43.9),

lymphocyte effector response (ES = 34.8), lymphocyte activation

(ES = 27.4), regulation of immune response (ES = 25.2), and

regulation of lymphocyte activation (ES = 25.2) in T cells from

RP at 11 dpi (Figure 4F and Table S2). We found little overlap

of significantly enriched biological processes between the WP

and RP P14 T cells, strongly suggesting that the RP P14

T cells may have greater effector-like responses as compared

toWPP14 T cells. These results suggest that anatomic compart-

mentalization is an important regulator of T cell gene expression,

effector function, and memory formation.

TCR-pMHC Interaction Is Regulated by Differentiation
Status of CD8+ T Cells
We observed differential effective 2D TCR affinities of T cells iso-

lated from the WP and RP compartments during the early

contraction phase (Figure 1A). Coincidentally, decisions for

memory gene expression patterns were established between 7

and 11 dpi (Figure 4B), indicating that T cells actively underwent

effector to memory differentiation during this period. These re-

sults led us to hypothesize that the differentiation status of

T cells in their respective compartment may influence the TCR-

pMHC interaction. To this end, we first subdivided CD8+ T cells

into effector and memory cells in each compartment based on

their phenotypic marker expression (KLRG1 and CD127) (Joshi



(legend on next page)
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et al., 2007; Kaech et al., 2003). A higher preponderance of

effector T cells was observed in the RP than WP, while memory

precursor population were preferentially located in the WP as

compared to RP by 11 dpi (Figure 5A; Jung et al., 2010). Effec-

tive 2D TCR affinity of effector T cells (KLRG1hiCD127lo) isolated

from the RP was significantly higher than that of memory precur-

sor cells (KLRG1loCD127hi) from the same anatomic location in

the RP (Figure 5B). In fact, this population accounts for the over-

all increased 2D TCR effective affinity that we observed earlier in

Figure 1. Moreover, the effective 2D TCR affinities of each

effector and memory precursor P14 cells were lower in the

WP compared to their respective counterparts in the RP despite

the fact that they expressed the same cell surface molecules

(Figure 5B). Because engagement of TCR with pMHC is critical

for the effector function of T cells, we tested whether higher

effective 2D TCR affinity of T cells results in better control of

viremia. To this end, we infected naive B6 mice with LCMV-

arm that is cleared much more effectively by virus-specific

CD8+ T cells than the LCMV clone 13 in vivo (Wherry et al.,

2003). Then, effector P14 cells (KLRG1hiCD127lo) were sorted

from either the WP or RP at 11 dpi and adoptively transferred

into mice that were infected with LCMV-arm 1 day before. Viral

titers in the spleens were determined by focus-forming assay.

As expected, the RP effector P14 T cells were able to decrease

the viral load by more than 5-fold as compared to the WP-

derived P14 T cells (Figure 5C). These results showed that the

effector functions of anti-viral CD8+ T cells and their improved

control of viremia are regulated by their respective anatomic

location.

Anatomic Localization Determines Memory Formation
of CD8+ T Cells
Transcriptional profiling analyses revealed that gene expression

patterns for memory population were differentially established

between T cells isolated from the WP and RP during early

contraction phase (Figure 4B). Also, when we compared the mo-

lecular signatures of memory responses using previously estab-

lished databases (Kaech et al., 2002; Wherry et al., 2007), the

expression patterns related to memory response genes were

significantly different between theWP- andRP-isolated P14 cells

at 11 dpi (Figure 6A). For example, Ifng, Itgax, Ggh, and Prdm1

were expressed much higher in the WP-derived P14 T cells
Figure 4. Anatomic Compartmentalization Regulates Gene Expression

(A) Gene expression profiles of theWP and RP P14 T cells were compared to naive

shown in the heatmap (2-fold, p < 0.001). Venn diagram indicates genes specific

(B) Time-series analysis on RNA-seq data between the WP and RP P14 T cells w

profile. Four major nodes with transition states (TS) are depicted for theWP and R

of the genes assigned to that node. The numbers with lines indicate the number

(C) DEGs from the WP (blue line) and RP (red line) at 11 dpi were analyzed for fun

terms are depicted. Log10 p values are represented in the radar chart.

(D) Effective 2D TCR affinities of P14 T cells from the WP or RP that were untrea

(E) P14 T cells that sorted from splenic WP and RP were either untreated (CTR) or

Effective 2D TCR affinity was measured by micropipette assay.

(F) DEGs from the WP and RP at 11 dpi were analyzed for enrichment of biolog

Benjamini-Hochberg [B-H] p value < 0.0001). Edges between nodes represent ove

significance. Blue node edge represents common pathways between the WP an

(�log10 B-H p value) are depicted under the name of each biological function.

For each condition, more than 10 cell pairs with 30 contacts were tested for each c

the minimum and maximum values. The median value was shown as line within

994 Immunity 45, 988–998, November 15, 2016
than the RP. In contrast, higher expression of Ccr5, Ctla4,

Cox17, and Tbx21 were observed in RP-derived T cells than the

WP (Figure 6B). These observations suggest that anatomic

compartmentalization of T cells during this early contraction

phase may influence the formation of memory cell population.

To test this hypothesis, P14 T cells expressing the samememory

precursor markers (KLRG1loCD127hi) (Joshi et al., 2007; Kaech

et al., 2003) from either theWP or RP compartments were sorted

at 11 dpi. Equal number of cells were then transferred into naive

B6 mice and rested until they reached 30 dpi (Figure S6A). To

determine how the transferred cells were distributed 30 dpi,

splenic location of P14 cellswere analyzedby intravascular stain-

ing (Anderson et al., 2014). Both the WP- and RP-derived P14

cells were preferentially enriched in the WP rather than the RP

at 30 dpi (Figure S6B). Finally, we evaluated the degree of anti-

gen-specific T cell expansion by challenging the mice with

LCMV clone 13. At 5 days after challenge, memory precursor

P14 cells that were initially derived from the WP compartment

expanded to significantly higher frequencies than cells from the

RP (�50% versus �12%) (Figure 6D). Effector cells from neither

WP nor RP expanded after challenge (<1%, data not shown).

These data demonstrated that anatomic compartmentalization

of T cells is an important regulator of T cell memory differentiation

and that the decision programming to become a memory cell is

made during the early contraction phase.

DISCUSSION

Host immune T cell responses must deploy a sensory strategy

to find and clear to the best of their ability any residual

antigen or potential viruses that harbor CTL escape epitopes

during this fragile period. Typically, selection of viral escape

mutants occurs immediately after peak of viremia (Goulder

and Watkins, 2004) when immune response begins to wane

and undergo contraction. Indeed, our results indicated that

the effective 2D TCR affinity of anti-viral CD8+ T cells was

increased immediately after the virus was cleared. In addition,

this increased ability to see antigen correlated with P14

T cells’ capacity to kill the gp35A mutant epitope-expressing

cells. Since failure to recognize escape mutant epitopes

leads to viral persistence, this observation of increased TCR-

pMHC interaction during the early contraction phase provides
Patterns of CD8+ T Cells

cells by RNA-seq analysis (5 mice per group). Up- or downregulated DEGs are

for the WP (left) and RP (right) and overlapping genes (middle).

as performed. Each path represents a set of genes with a similar expression

P. The size of a node is proportional to the standard deviation of the expression

of genes for each TS.

ctional annotation of the cellular component. Membrane structure-related GO

ted (CTR) or treated with nystatin were measured at 11 dpi.

treated with cholesterol oxidase (CO, 5 U per mL) for 30 min at 37�C at 11 dpi.

ical processes. Nodes represent enriched pathways (gene size > 15 genes,

rlap between two connected gene sets. Node size is proportional to enrichment

d RP. Black node edges represent RP-specific pathways. Enrichment scores

ondition (D and E). The box displays 25%–75% of data and whisker represents

the box. See also Figure S5 and Table S2.
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Figure 5. Differentiation Status Controls Effective 2D TCR Affinity of

CD8+ T Cells

(A) Percentage of KLRG-1loCD127hi and KLRG-1hiCD127lo population was

compared between the WP and RP at 11 dpi (n = 5).

(B) Effective 2D TCR affinity of KLRG-1loCD127hi or KLRG-1hiCD127lo P14

T cells from the WP or RP was analyzed by micropipette at 11 dpi. For each

condition, 10 cell pairs with 30 contacts were tested.

(C) KLRG-1hiCD127lo effector P14 T cells were sorted from the WP or RP at 11

dpi and adoptively transferred into themice that were infected with LCMV-Arm

1 day before (200,000 cells per mouse). Viral titers in spleens were determined

by focus-forming assay at 3 dpi (n = 15).

Error bars represent SEM. Each figure shows a representative result of at least

three independent experiments. For the boxwhisker graph, the box represents

25%–75% of data and whisker indicates the minimum and maximum values.

The median value was shown as line within the box. NS = not significant;

*p < 0.05, **p < 0.01, ***p < 0.001.
important insights into the development of novel strategies to

prevent persistent infections.

Lymphoid organs such as a spleen provide a unique environ-

ment for expansion and differentiation of immune cells upon

infection. Thus, most immunological studies rely on analyses

of immune cells within lymphoid organs. We observed that

despite expression of the same phenotypic markers such as

KLRG1 and CD127, TCR-pMHC interactions of anti-viral CD8+

T cells were differentially regulated according to their anatomic

location within the same organ. This suggests that effector

cells defined by their phenotypic marker expressions are not a

homogeneous population based on their effective 2D TCR

affinity measurements. This notion was not attainable simply

by tetramer staining. Also, our gene expression profiling ana-

lyses reveal that gene expression patterns of CD8+ T cells for

effector function-related pathways were influenced by their

anatomic location. These features strongly support more effi-
cient killing of target cells and controlling the viremia by CD8+

T cells. Furthermore, anatomic compartmentalization differen-

tially determined the potential of KLRG1loCD127hi WP memory

precursor resident cells to become long-term memory cells.

Therefore, anatomic location of immune cells through their

developmental journey is an important factor to define their

cell function and fate.

As anti-viral T cells undergo contraction, T cells reprogram

their metabolic genes required for differentiation of long-term

memory cell population (Man and Kallies, 2015). For example,

memory CD8+ T cells use lysosomal acid lipase (LAL) to mobilize

fatty acid for FAO and memory development (O’Sullivan et al.,

2014). Also, Cui et al. (2015) reported that IL-7-induced glycerol

channel aquaporin 9 (AQP9) promotes memory CD8+ T cell sur-

vival and self-renewal. Interestingly, we found that anatomic

segregation differentially regulates expression of several meta-

bolic-related genes such as Lipa, Ctpa, Cox17, and Ggh. Also,

memory precursor cells from the WP compartment displayed

better potential to become long-lived memory cells. Thus, the

differential expression of metabolic-related genes exclusively

in T cells residing in the WP may possibly influence their ability

to differentiate into memory cells.

After virus is cleared, immune cells rapidly undergo contrac-

tion to return to homeostasis and potentially select long-term

memory cells. Our transcriptional profiling results indicated

that during the early contraction phase, gene expression pat-

terns were differentially determined between the WP- and

RP-derived antigen-specific P14 T cells within the splenic com-

partments. In addition, once the decision was made very early

after viral clearance, the gene expression patterns and their

respective levels were maintained throughout the ensuing

contraction and memory phases. These results provide a better

understanding of how memory precursor populations are estab-

lished and may have important implication for development of

efficacious vaccines.

Our data also indicated that TCR-pMHC interaction of CD8+

T cells was regulated by Treg cells and TGF-b in the WP. Treg

cells and TGF-b may provide local protection against T cell-

mediated damage by maintaining consistent TCR-pMHC 2D

effective affinity of WP-resident CD8+ T cells. Treg cells and

TGF-b both play critical roles in controlling CD8+ T cell responses

in many different illnesses, including infectious disease and can-

cer (Ahmadzadeh et al., 2009; Penaloza-MacMaster et al., 2014;

Tinoco et al., 2009). In addition, increased TCR-pMHC interac-

tion may influence organ-specific hyperactive CD8+ T cell

response in autoimmune disorders (Liblau et al., 2002). There-

fore, regulation of TCR-pMHC interaction by their anatomic

compartmentalization and presence of regulatory cells and cyto-

kines within thesemicrocompartments may be implicated in dis-

ease outcome.

Together, our findings suggest that compartmentalization of

T cells into discrete areas of lymphoid structures within the

same organ has important consequences for how they see anti-

gen. Compartmentalization of these T cells during early contrac-

tion phase affects their differential gene expression and memory

development. These results have substantial implications for the

development of more effective vaccines and T cell-targeted

immunotherapy for infectious diseases, cancers, and auto-

immune disorders.
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Figure 6. Anatomic Compartmentalization

Regulates Memory Formation of CD8+ T

Cells

(A) Gene expression profiles of WP and RP

P14 T cells were compared to naive cells by

RNA-seq analysis. 222 DEGs of WP and RP P14

T cells out of memory (468 DEGs) CD8+ T cell-

specific DEGs at 11 dpi were enriched and shown

in heatmap.

(B) Representative genes related to cytokines,

chemokine, activation, metabolism, and tran-

scription factors are shown.

(C) KLRG-1loCD127hi P14 T cells from the WP or

RP at 11 dpi were transferred into naive B6 mice.

3 weeks later, mice were challenged with LCMV

clone 13 (CL13). Expansion of P14 in spleen was

analyzed by flow cytometry 5 days after infection

with LCMV CL13 (n = 3).

Error bars represent SEM. A representative result

of three independent experiments is shown. **p <

0.01. See also Figure S6.
EXPERIMENTAL PROCEDURES

Animals

C57BL/6 and FoxP3 DTR-GFP mice (male, 8–12 weeks old) were purchased

from Jackson Lab. P14 TCR transgenic mice were provided from Dr. Rafi

Ahmed at Emory University. RAG-1-deficient P14 mice were also generated

to obtain pure monoclonal T cell population. Mice were bred and maintained

at the vivarium of Emory University according to institutional guidelines and

with protocols approved by Institutional Animal Care and Use Committee

(Emory University IACUC Animal Protocol 2003505).

Virus, Antibody, and pMHC

LCMV (Arm and Cl13) was a gift from Dr. Rafi Ahmed at Emory University.

For the infection, the mice were infected intraperitoneally (i.p.) with 2 3 105

plaque-forming units (PFUs) of LCMV-Arm. Viral titers were determined by

focus-forming assay on Vero cells as described previously (Battegay et al.,

1991). Detailed information for antibody and pMHC is available in Supple-

mental Information.

Intravascular Cell Staining

P14 TCR transgenic T cells (Thy1.1+ or CD45.1+) were adoptively transferred

into C57BL/6 (Thy1.2+CD45.2+) mice 1 day before infection with LCMV-Arm.

At indicated days after infection, mice were intravenously injected with fluoro-

chrome-conjugated anti-CD45.2 (3 mg per mouse, clone: 104, eBiosciences)

or anti-CD8a antibody (3 mg per mouse, clone: 53-6.7, eBiosciences)

and euthanized 3 min after antibody delivery as previously described

(Anderson et al., 2014). Spleens were harvested, processed to a single-cell

suspension, and followed by staining with ex vivo antibodies (Thy1.1 or
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CD45.1). P14 cells from splenic WP (i.v. antibody

negative) and RP (i.v. antibody positive) were

sorted by BD FACSAria II for analyses of effective

2D TCR affinity, transcriptional profiles, and mem-

ory response.

Transcriptional Profile Analysis

DESeq was used to determine differentially ex-

pressed genes between sorted WP or RP P14

T cells after LCMV infection and naive P14 T cells

in their respective compartment (2-fold; p <

0.001). Detailed protocol for RNA preparation

and time-series analysis can be found in Supple-

mental Information. Functional analysis was per-

formed using Gene Ontology Consortium (2015)
and DAVID Bioinformatics Resources (Huang et al., 2009a, 2009b) online

tools.

In Vitro Killing Assay

P14 T cells that sorted from either WP or RP were mixed with CFSE-labeled,

unpulsed or LCMV gp33- or gp35A-pulsed splenocytes (effector:target ratio =

5:1, 2.5:1, or 1:1). After 4 hr, cells were stained with propidium iodide (PI, BD

biosciences). Cell death was estimated by PI inclusion of CFSE+ cells on

flow cytometry.

Depletion of CD4 and Treg Cells and Inhibition of TGF-b

For the depletion of CD4+ cells, mice were administrated intraperitoneally

with CD4-depleting antibody (GK1.5, 500 mg per mouse) at �1 and 0 dpi.

CD4 depletion was verified by flow cytometry before measurement of 2D

TCR affinity. Depletion of FoxP3+ Treg cells was performed by intraperitoneal

administration of FoxP3-DTR mice with DT (Calbiochem, diphtheria toxin,

1 mg per mouse) at 7, 8, and 10 dpi. Depletion of FoxP3+ cells was verified by

flow cytometry before measurement of effective 2D TCR affinity. In order to

inhibit TGF-b receptor signaling,micewere treated intraperitoneally with a spe-

cific inhibitor (Sigma, SB431542, 20 mg per kg per mouse) at 8, 9, and 10 dpi.

Sequestration or Depletion of Cholesterol

To sequester cholesterol from plasma membrane, splenocytes were left un-

treated or treated with nystatin (Sigma, 25 mg per mL) for 30 min at 37�C fol-

lowed by sorting cells and measuring effective 2D TCR affinity. Depletion of

cholesterol was performed by treating sorted cells with cholesterol oxidase

(Sigma, 5 U per mL) for 30 min at 37�C. Cells were continuously exposed to

cholesterol oxidase during micropipette assay.



Protein Coating on RBC Surface

Human RBCs were purified from peripheral blood of healthy donors at Georgia

Institute of Technology with an Institute Review Board-approved protocol

as described (Chesla et al., 1998). Detailed description can be found in the

Supplemental Information.

Site Density Measurements

Densities of TCR, CD8, and pMHC were determined by flow cytometry for

every micropipette experiment conducted as previously described (Chesla

et al., 1998; Huang et al., 2010). Detailed description is available in the Supple-

mental Information.

2D Micropipette Adhesion Frequency Assay

In brief, two laterally opposing pipettes respectively aspirated a T cell and a

pMHC-coated RBC. The RBC pipette was driven by a piezo controller to allow

the RBC to contact the T cell for certain duration before retracting it back to the

starting point. Detailed information can be found in Supplemental Information.

Calculating Effective 2D Affinity

The adhesion frequency Pa versus contact time (tc) data were fit using a

nonlinear regression to the following probabilistic kinetic model (Chesla

et al., 1998; Huang et al., 2010) along with the respective site densities of

the TCR or CD8 (mr) and pMHC or anti-TCR (ml)

Pa = 1� expf �mrmlAcKa½1� expð�kofftcÞ�g (Equation 1)

to obtain two parameters: a zero-force off-rate koff (s
�1) and 2D effective bind-

ing affinity, AcKa (mm
4). Ac is the functional contact area between the RBC and

T cell and Ka denotes 2D affinity (Chesla et al., 1998; Huang et al., 2010). Upon

taking the log transformation of Equation 1 as tc approaches steady state sim-

plifies the equation, which was used more extensively for analysis.

AcKa =
�ln½1� PaðtstÞ�

mrml

(Equation 2)

For the majority of the experiment, the adhesion frequency wasmeasured at

4 s contact duration because any contact time >2 s resulted in comparable

adhesion frequencies. For the measurements of cooperative TCR-pMHC-

CD8 tri-molecular interaction, the right-hand side of Equation 2 represents

the average number of bonds <n> (the numerator) per unit densities of TCR

and pMHC.

Statistical Analysis

All error bars represent mean ± standard error of the mean (SEM), and aver-

ages were compared using unpaired Student’s t test or one-way ANOVA.

Data are representative of at least two independent experiments.

ACCESSION NUMBERS

The raw data of all arrays were deposited with the Gene Expression Omnibus

(GEO) repository under the accession number GEO: GSE87561.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, two tables, and Supplemental

Experimental Procedures and can be found with this article online at http://

dx.doi.org/10.1016/j.immuni.2016.10.024.
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