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Abstract

A hallmark of the adaptive immune response is the ability of CD4 T cells to
differentiate into a variety of pathogen appropriate and specialized effector subsets.
A long-standing question in CD4 T cell biology is whether the strength of TCR
signals can instruct one Th cell fate over another. The contribution of TCR signal
strength to the development of Th1 and T follicular helper (Tfh) cells has been
particularly difficult to resolve, with conflicting results reported in a variety of models.
Although cumulative TCR signal strength can be modulated by the infection specific
environment, whether or not TCR signal strength plays a dominant role in Th1
versus Tth cell fate decisions across distinct infectious contexts is not known. Here
we characterized the differentiation of CD4 TCR transgenic T cells responding to a
panel of recombinant wild type or altered peptide ligand lymphocytic choriomeningitis
viruses (LCMV) derived from acute and chronic parental strains. We found that
while TCR signal strength positively regulates T cell expansion in both infection
settings, it exerts opposite and hierarchical effects on the balance of Th1 and Tth
cells generated in response to acute versus persistent infection. The observation
that weakly activated T cells, which comprise up to fifty percent of an endogenous
CD4 T cell response, support the development of Th1 effectors highlights the
possibility that they may resist functional inactivation during chronic infection. We
anticipate that the panel of variant ligands and recombinant viruses described herein
will be a valuable tool for immunologists investigating a wide range of CD4 T cell

responses.


https://doi.org/10.1101/2020.08.06.236497

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.236497; this version posted August 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Keywords

T cell receptor signal, T cell receptor, T helper 1 cell, T follicular helper cell, infection,

chronic infection, T cell exhaustion, T cell differentiation, CD4 T cell

Graphical abstract

Generation of LCMV GP61 variants

Alteration of TCR signal strength Replicative capacity
LCMV .
GP61 wt Clone-13
V71 ’ !
Giycopatein ° cogt +
ycoprotein Y72F ’ SN& A Armstrong
Polymerase

Impact of TCR signal strength on CD4* SMARTA differentiation

Panel of variants SMARTA Activation Resulting Differentiation bias

& Differentiation
TCR signal strength

Armstrong variants — |(f»| — I>

el . I
/N

Clone-13variant’sr @ @ — I@I - lﬁ

ST

Highlights

e |dentification of a wide panel of altered peptide ligands for the LCMV-derived
GP61 peptide

e Generation of LCMV variant strains to examine the impact of TCR signal
strength on CD4 T cells responding during acute and chronic viral infection

e The relationship between TCR signal strength and Th1 differentiation shifts
according to the infection context: TCR signal strength correlates positively
with Th1 generation during acute infection but negatively during chronic
infection.
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Introduction

Following infection or vaccination, antigen specific T cells undergo clonal
expansion and differentiation into effector cells with specialized functions. This
process begins with T cell receptor (TCR) recognition of peptide/MHC (pMHC) on
antigen presenting cells (APCs) and is further modulated by cytokines and
costimulatory molecules(7, 2). Viral infection induces the early bifurcation of CD4 T
cells into Th1 and T follicular helper (Tfh) cells. Th1 cells potentiate CD8 T cell and
macrophage cytotoxicity, whereas Tfh cells support antibody production by providing
survival and proliferation signals to B cells(7, 3).

Although the cumulative strength of interaction between TCR and pMHC has a
clear impact on T cell expansion and fitness, its influence on the acquisition of Th1
and Tfh cell fates is controversial(4-72). An essential role for TCR signal was
implicated in a study assessing the phenotype of progeny derived from individual, TCR
transgenic (tg) T cells responding during infection(9). The authors observed that
distinct TCRs induced reproducible and biased patterns of Th1 and Tfh phenotypes.
Although earlier reports suggested that Tth cell differentiation requires high TCR signal
strength, recent work supports the idea that Tfh cells develop across a wide range of
signal strengths, while increasing TCR signal intensity favors Th1 generation(4-17). A
central difficulty in reconciling these findings is the use of different TCR tg systems as
well as immunization and infection models that may induce distinct levels of
costimulatory and inflammatory signals known to influence T cell differentiation.
Although existing reports suggest that persistent TCR signaling drives a shift towards
Tfh differentiation during chronic infection, whether this outcome can be modulated by

TCR signal strength has not been examined(713-715).
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The impact of TCR signal strength on CD4 T cell differentiation in vivo has been
historically challenging to address. The use of MHC-II tetramers to track endogenous
polyclonal T cell responses does not adequately detect low affinity T cells that can
comprise up to fifty percent of an effector response in autoimmune or viral infection
settings(76). TCR tg models paired with a panel of ligands with varying TCR potency
have been informative, but only a handful of MHC-II restricted systems exist(77, 18).
To bypass these limitations, the generation of novel transgenic/retrogenic TCR strains
or recombinant pathogen strains is required(4, 12, 19, 20). To our knowledge, this
approach has not yet been used to modify a naturally occurring CD4 T cell epitope of
an infectious agent. To test the impact of TCR signal strength across different types
of infectious contexts, we generated a series of lymphocytic choriomeningitis virus
(LCMV) variants by introducing single amino acid mutations into the GP61 envelope
glycoprotein sequence and expressing them from both acute and chronic parent
strains. These strains were used to assess the dynamics and differentiation of
SMARTA T cells, a widely used TCR tg mouse line that mirrors the endogenous,
immunodominant CD4 T cell response to LCMV(713). We observed that depending on
the infection setting, TCR signal strength has opposing effects on the balance between
Th1 and Tfh cell differentiation. In an acute infection, strong TCR signals preferentially
induce Th1 effectors, whereas weak TCR signals shift the balance toward Tfh
effectors. In contrast, strong T cell activation during chronic infection induces Tfh cell
differentiation while more weakly activated T cells are biased to differentiate into Th1
cells. Based on these findings we propose a Goldilocks model for the generation of
Th1 effectors during viral infection, where too little or too much TCR signaling skews

the CD4 T cell response toward Tth differentiation.
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Results
Generation and viral fitness of GP61 LCMV variants

To generate recombinant LCMV variants, we first screened a panel of altered
peptide ligands (APLs) with single amino acid mutations in the LCMV derived GP61
peptide. Using the early activation marker CD69 as a proxy for TCR signal strength
we identified 75 APLs for the SMARTA TCR transgenic line (Figure S1A, Figure 1A,
B, Table 1). We selected twelve of these APLs, covering a wide range of T cell
activation potential, to generate recombinant variant viruses, using site-directed PCR
mutagenesis (27). Five APL-encoding sequences were successfully introduced into
the genomes of both LCMV Armstrong (Armstrong variants) and Clone-13 (Clone-13
variants), the latter of which contains a mutation in the polymerase gene L that
enhances the replicative capacity of the virus, enabling viral persistence(22, 23). To
exclude a potential impact of differential glycoprotein-mediated viral tropism on CD4
T cell differentiation, we equipped both the Armstrong- and Clone-13-based viruses
with the identical glycoprotein of the WE strain and introduced the epitope mutations
therein (resulting viruses referred to as rLCMV Armstrong and rLCMV Clone-13,
respectively)(24). Of these viruses, two variants, V71S and V72F (EC50 ~ 0.1 uM and
1uM, respectively) demonstrated comparable viral fitness in vitro and in vivo (Figure
1C, D). We further performed an out-competition assay with invariant chain knockout
splenocytes to ensure comparable presentation of these APLs by MHC-II (Figure
1E)(25). Taken together, these data demonstrate the development of a novel tool to
examine the impact of TCR signal strength on SMARTA T cells activated by either

acute or chronic viral infection.
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Figure 1: Generation and viral fithess of GP61 LCMV variants

(A) Scheme of GP61 wt and APL sequences with mutations highlighted in red
ordered hierarchically according to TCR signal strength.

(B) Peptide dose — activation curves of overnight cultured SMARTA cells with
peptide pulsed splenocytes using the percentage of CD69* SMARTA cells as a
readout for activation. ECso values are ~ 5 nM for GP61 wt, ~ 0.1 uM for V71S and ~
1uM for Y72F.

(C) In vitro growth kinetics depicting the viral load in the culture medium (FFU/ml,
focus forming units) of GP61 wt or V71S and Y72F variants of Armstrong (left) and
Clone-13 (right) variant infection on BHK21 cells over time. Data are displayed as
mean + SD.

(D) Early splenic viral load day 3 post infection (p.i.) in Armstrong variants. Bars
represent the mean and symbols represent individual mice.

(E) Peptide dose — response curves depicting the out-competition of the GP61 FITC
signal by unlabeled GP61 wt or variants on B220" B cells. Data are displayed as
mean = SD of 2-3 technical replicates.

Data represent one of n = 2 independent experiments (B, D-,E) or pooled data from
n = 2 independent experiments (C).


https://doi.org/10.1101/2020.08.06.236497

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.236497; this version posted August 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

position 67 variants position 68 variants
o GP61 -e- GP61 o Y68R
167V e~ 167Q YB8A —o- Y68D - Y68H
2 - I67L 167R 2 -e- Y68V Y68G o YEBW
o o
Q * 167S - I67F = o~ Y68L —e- YB8N -e- Y68F
167T 167Y Y68l Y68E Y68P
~e 167D -e- I67P
/ g -~ Y68S -~ Y68Q Y68C
0 -e- |67E e~ 167C 0 =S-0-—-R TN
10" 1010 10° 10® 107 10° 105 10* 10" 1070 10° 10® 107 10% 105 10* -e- YBBT -e- Y68K Y68M

Peptide Concentration (M) Peptide Concentration (M)
position 70 variants

- GP61 -o- GP61

K69G - K69T -e- K69W G70V -~ G70E —e- G70Y

—o— K69A K69D -e- K69F G70L G70Q -o- G70M

% CD69
% CD69
b b

G70I -e- G70K -~ G70C
G70T G70R

o~ K69V -e- KB69N -e— K69P
K69L KB9E —e- K69C

4

—o- K69l -e- K69R K69M G70D —e— G70H

0 ey ———0=0_____ 0 o o= .
101" 1010 10° 108 107 10® 105 10“ - K69S -e— K69H 10" 1010 10 108 107 10 10° 10¢ —® G70N -e~ G70F
Peptide Concentration (M) Peptide Concentration (M)
position 71 variants position 72 variants
100 100
-e- GP61 —o- GP61
80 80
V71G -~ V71D - V71H Y72G o~ Y72T —e Y72W
(2] (2]
© 60 -~ V71A o V7IN -o- vriw & 60 -~ Y72A o Y72D e Y72F
o o
X 40 ~e- V7IL e~ V71E —& V71F ¢ 40 ~e- Y72V -e~ Y72N -e- Y72P
2 / gl V71Q &~ V71Y 20 Y72L Y72E e~ Y72C
v/ g ~e- V71S -e- V71K V71P M"‘ ~e- Y72| -~ YT2R Y72M
0 Dot 0 i
10" 100 10° 10® 107 10% 10° 10* -e- V71T -e- V71R V71M 101 1070 109 10® 107 100 10° 104 -e- Y72S -e- Y72H
Peptide Concentration (M) Peptide Concentration (M)
position 73 variants position 74 variants
100
. —e- GP61 GP61
Q73A  —- Q73N -e- Q73F F74G —o- F74T —e— F74H
fo2} fo2}
§ 60 -e- Q73L Q73E e Q73Y § F74A F74D -e- F74W
X 40 o Q731 —® Q73K - Q73P X F74V -~ F74N -e- F74Y
20 Q73s Q73R e~ Q73C F74L F74E -o- F74P
/I
0 2 A8 AT e e QreT e Q7 F74l -~ F74Q
101 1070 10° 10% 107 10° 105 10% o q73p - Q73W F74S —e— F74R
Peptide Concentration (M) Peptide Concentration (M)
100 position 75 variants 10 position 76 variants
e GP61 == -~ GP61 -~ S76H
80 80
K75N  —e- K75H S76G —e~ S76D - S76W
Q 60 @ 60
a ~e- K75L K75F 8 - ST76A S76N -e- S76F
o o
x 40 o K75Q -e K75Y X 40 —o- S76V -e- S76E -e- S76Y
20 K751 K75C 20 ’ S76L s76Q S76P
0 e -o- K75R  —e- K75M 0 AR A d -e- S761 -e- ST76K s76C
101 1010 109 10" - A 5 10 —e— K75E 10 100 10° 10® 107 10° 10° 10* -e- S76T -e- S76R S76M
Peptide Concentration (M) Peptide Concentration (M)
position 77 variants
100 e
—o— GP61
80
V77G % V77D
2
a 60 - V77A V77N
X 40 g ~o- V77L -®- V77E
20 /J V77l v77Q
)
/ A - V77S

Peptide Concentration (M)
Figure S1: Generation and viral fithess of GP61 LCMV variants
(A) Peptide dose — activation curves of overnight cultured SMARTA cells with
peptide pulsed splenocytes using the percentage of CD69* SMARTA cells as a
readout for activation.
Data represent one of n = 2 independent experiments.
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APL EC50 [M] APL EC50 [M]
GP61wt | 5.2E-09 V71 W | 5.9E-08
Y68 A | 1.3E-06 V71 P | 2.2E-06
Y68 V | 7.2E-08 Vi M | 1.2E-08
Y68 L 6.5E-06 V71 C | 2.1E-07
Y68 | 1.3E-07 Y72 S | 4.2E-05
Y68 S 2.6E-06 Y72 T | 1.7E-05
Y68 T | 4.8E-07 Y72 E | 2.1E-07
Y68 N | 1.6E-07 Y72 R | 2.1E-06
Y68 E 7.0E-05 Y72 F | 9.6E-07
Y68 Q | 6.7E-06 Y72 P | 6.3E-08
Y68 K 1.1E-06 Y72 M | 5.6E-05
Y68 R 1.5E-06 Q73 L | 8.7E-08
Y68 H | 3.1E-07 Q73 S | 2.5E-05
Y68 W | 1.4E-08 Q73 D | 3.2E-06
Y68 P 1.1E-05 Q73 E | 3.1E-07
Y68 C 1.0E-06 Q73 K | 8.3E-06
Y68 M | 1.6E-07 Q73 W | 2.6E-07
K69 G | 5.2E-06 Q73 F | 1.1E-07
K69 A | 3.2E-08 Q73 C | 2.9E-07
K69 V | 5.0E-07 F74 V | 8.7E-07
K69 L 5.5E-07 F74 | 1.9E-05
K69 S 1.2E-07 F74 Y | 1.3E-06
K69 T 8.1E-08 K75 R | 5.1E-07
G70 V | 3.5E-07 S76 D | 1.0E-06
G70 L 1.2E-07 S76 E | 5.7E-07
G70 | 3.5E-06 S76 Q | 5.9E-08
G70 K | 5.8E-08 S76 K | 2.0E-07
G70 R 1.1E-07 S76 R | 2.2E-06
G70 F 1.4E-05 S76 W | 7.9E-05
G70 Y 1.7E-07 S76 F | 4.5E-07
G70 M | 6.2E-08 S76 Y | 5.3E-06
V71 G | 9.3E-07 S76 P | 3.8E-07
V71 S 1.4E-07 S76 C | 5.9E-08
V71 D | 1.4E-06 V77 G | 1.8E-07
V71 N | 8.4E-06 V77 S | 3.6E-08
V71 E 9.5E-06 V77 D | 4.8E-07
V71 Q | 2.9-06 V77 E | 6.5E-07
V71 H | 2.2E-08 V77 P | 4.0E-08

Table 1: APLs with altered potential to activate SMARTA and corresponding
ECso values.
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94  TCR signal strength positively correlates with Th1 cell differentiation during

95 LCMV Armstrong variant infection

96 To assess the impact of TCR signal strength during acute viral infection,
97 SMARTA T cells were transferred into congenic recipients followed by infection with
98 rLCMV Armstrong GP61 wt, V71S or Y72F. All LCMV variants were capable of
99 inducing SMARTA T cell expansion at day 10 post infection (p.i.) and a direct
100  correlation between TCR signal strength and the number of SMARTA T cells
101  recovered was observed (Figure 2A). In contrast, expansion of endogenous LCMV
102  nucleoprotein (NP)-specific as well as antigen-experienced CD44* T cells was similar
103 across all three viral strains (Figure 2A). The expansion hierarchy among the viruses
104  was maintained >30 days after LCMV infection (Figure 2A).

105 We next examined the phenotype of SMARTA T cells, focusing our analyses
106  on effector cells due to the impaired generation of Tth memory by SMARTA T
107  cells(26). As the Y72F variant induced very few effector cells, we excluded this strain
108  from further investigation. Consistent with earlier reports, strong T cell stimulation
109 induced a larger proportion of Ly6c* Th1 effectors, whereas the proportion of Tfh
110  effectors was decreased (Figure 2B-D)(4, 8-10). In contrast, the ratio of Th1 and Tfh
111  effector cells generated by host NP-specific T cells was consistent across all viral
112 strains, providing an internal control for the comparable ability of these viruses to
113 induce endogenous T cell responses (Figure 2D, Figure S2A). Expression of folate
114 receptor 4 (FR4), an alternative marker for Tfh cell identification, was additionally used
115 in combination with PD1 to discriminate the Tfh cell compartment, and demonstrated
116 a decreased proportion of Tfh cells activated by strong compared to weak TCR
117  stimulation (Fig. S2B)(26, 27). Accordingly, the expression of Bcl6 and T-bet, lineage

118  defining transcription factors for Tth and Th1 cells, respectively, revealed a mild but
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119  significant trend toward increased Tbet and decreased Bcl6 in response to strong
120  stimulation (Fig. 2E). Importantly, Bcl6 expression was higher on Tfh compared to
121  Th1 effectors, with no differences observed between strong and weak stimulation
122 (Figure 2F, S2C). These data indicate that TCR signal strength is unlikely to exert a
123 qualitative impact on these subsets. Notably, we did not observe any impact of TCR
124 signal strength on the development of PSGL1"Ly6c" T cells, previously reported to be
125  a less differentiated population of Th1 effectors (Figure S2D)(26). In sum, consistent
126  with earlier reports, TCR signal strength positively correlates with an increased ratio

127  of Th1 to Tfh effectors during acute LCMV infection.

10
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Figure 2: TCR signal strength positively correlates with Th1 cell differentiation
during LCMV Armstrong variant infection

(A) Number of SMARTA (left), NP309* (middle) and CD44" cells (right) 10 days (top)
or >30 days (bottom) p.i.

(B) Histograms (top) and relative MFI (bottom) of indicated phenotypic markers in the
SMARTA compartment 10 days p.i.

(C) Identification of Th1 (Ly6CM"PSGL1") and Tfh (Ly6C'°PSGL1"°) subset in the
SMARTA compartment by flow cytometry 10 days p.i.

(D) Proportion of Tfh (left), Th1 cells (middle) and the Th1:Tfh ratio (right) of the
SMARTA compartment 10 days p.i.

(E) Histograms (left) and relative MFI (right) of Bcl6 and Tbet expression in the
SMARTA compartment 10 days p.i

(F) Bcl6 and Tbet MFI in SMARTA Th1 and Tfh subsets.

Data are pooled from n = 2 independent experiments with 7-9 samples per group.
Bars represent the mean and symbols represent individual mice. Significance was
determined by unpaired two-tailed Student’s t-tests.

11


https://doi.org/10.1101/2020.08.06.236497

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.236497; this version posted August 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A
NP309*
60 60 10 Bcl6
0.2884 A 0.1093
2 z 03812 . &
S 40 S 40 i a - =
o £ =
2 20 2 20 A E s 4
o o 0.1
RS o
&
B
GP61 wt V718
10°4 10.4 10°+ 19.6
] ] 60
0.0499
104" = A
3 s 40
w
3 5 o &
1073 £ .
1 R 00
o1
- o
2 10°4 10° & @
™ ™ T T T ™ m T T T b\ \\
4000 100 10t 10° 4000 100 10t 10° &
FR4 >
D
GP61 wt
10 44.7 105j
607 0.1675
4 4 R o
10 3 10 3 O o
3 E o
‘3407 o°
103+ 10°+ 3
| = (£ 20
®
S04 0]
0] ol
g o
Py T a T 5 T T ) T 5 Q‘b\é\ \\/\"
10 10 0 10 10 ©)

Ly6C

Figure S2: TCR signal strength positively correlates with Th1 cell
differentiation during LCMV Armstrong variant infection

(A) Proportion of Tth (left), Th1 cells (middle) and the Th1:Tfh ratio (right) of the
NP309* compartment 10 days p.i.

(B) Identification and proportion of PD1" FR4" Tfh cells in the SMARTA
compartment by flow cytometry.

(C) Relative MFI of Bcl6 and Tbet expression in the Ly6C'° Th1 SMARTA
compartment.

(D) Identification and proportion of Ly6C'® Th1 (Ly6C°PSGL1") in the SMARTA
compartment by flow cytometry.

Data are pooled from n = 2 independent experiments with 8-9 samples per group.
Bars represent the mean and symbols represent individual mice. Significance was
determined by unpaired two-tailed Student’s t-tests.
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128  TCR signal strength positively correlates with Tfh cell differentiation during

129 LCMYV Clone-13 variant infection

130 In contrast to acute LCMV infection, SMARTA T cells responding to chronic
131  LCMV preferentially adopt a Tth effector phenotype(74, 15). The impact of TCR signal
132 strength within this context has not been determined, although affinity diversity among
133 endogenous T cells is reportedly similar between acute and chronic LCMV
134  infection(28). To directly assess the impact of TCR signal strength during chronic
135 infection we transferred SMARTA T cells into congenic recipients followed by infection
136 with rLCMV Clone-13 expressing either GP61 wt, V71S or Y72F. As an additional
137  control we infected mice with rLCMV Armstrong which induced a similar expansion of
138 SMARTA, NP-specific and CD4*CD44" T cells as its Clone-13 counterpart (Fig S3A).
139  Consistent with the results from acute infection, SMARTA T cell numbers at day 7 p.i.
140  positively correlated with TCR signal strength, while the expansion of NP-specific and
141 CD4*CD44" T cells was similar in response to all three Clone-13 variants (Figure 3A).
142 Importantly, infection with rLCMV Clone-13 Y72F induced approximately 2-fold more
143 SMARTA T cell effectors compared to acute infection, allowing for a thorough
144  investigation of T cells responding to this very weak potency variant (Figure 3A, Figure
145  2A).

146 With respect to T cell phenotype, strong TCR stimulation during rLCMV Clone-
147 13 GP61 wt infection shifted the balance toward Tfh effector cell differentiation when
148 compared to strong TCR stimulation in the context of acute infection (Figure S3B-C).
149  Unexpectedly, and in contrast to the Armstrong variants, weaker TCR signaling during
150  Clone-13 variant infection resulted in increased proportions of both PSGL1"Ly6c" and
151 PSGL1"Ly6c® Th1 cells with the weakest variant, Y72F, generating the highest

152  proportion of Th1 effectors (Figure 3B-D, S3D). The shift toward Th1 effectors in
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153  response to lower TCR signal strength is unlikely due to differences in antigen load as
154  all variants sustained high viral titers in the kidneys at day 7 p.i (Figure S3E). In
155  addition, although the viral titer of intermediate potency variant V71S was slightly
156 decreased compared to GP61 wt and Y72F infection, NP-specific CD4 T cells
157  exhibited a similar ratio of Th1 to Tth effectors across all three infections (Figure S3F).
158  Taken together, these reveal that TCR signal strength differentially modulates T cell

159 fate acquisition according to the infectious context.
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Figure 3: TCR signal strength positively correlates with Tfh cell differentiation
during LCMV Clone-13 variant infection

Spleens were harvested 7 days after infection with LCMV Clone-13 variants.

(A) Number of SMARTA (left), NP309* (middle) and CD44" cells (right).

(B) Histograms (top) and relative MFI (bottom) of indicated phenotypic markers in the
SMARTA compartment.

(C) Identification of Th1 (Ly6CM"PSGL1") and Tfh (Ly6C'°PSGL1"°) subset in the
SMARTA compartment by flow cytometry.

(D) Proportion of Tfh (left), Th1 cells (middle) and the Th1:Tfh ratio (right) of the
SMARTA compartment.

Data are pooled from n = 2 independent experiments with 7-8 samples per group.
Bars represent the mean and symbols represent individual mice. Significance was
determined by one-way analysis of variance (ANOVA) followed by Tukey’s post-test.
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Figure S3: TCR signal strength positively correlates with Tfh cell
differentiation during LCMV Clone-13 variant infection

Spleens were harvested 7 days after infection with LCMV Clone-13 variants.

(A) Number of SMARTA (left), NP309* (middle) and CD44" cells (right).

(B) Identification of Th1 (Ly6C"PSGL1") and Tfh (Ly6C'°PSGL1'°) subset in the
SMARTA compartment by flow cytometry.

(C) Proportion of Tth (left), Th1 cells (middle) and the Th1:Tfh ratio (right) of the
SMARTA compartment.

(D) Identification and proportion of Ly6C'® Th1 (Ly6C°PSGL1") in the SMARTA
compartment by flow cytometry.

(E) Viral load in kidneys.

(F) Proportion of Tfh (left), Th1 cells (middle) and the Th1:Tfh ratio (right) of the
NP309" compartment.

Data are pooled from n = 2 independent experiments with 7-8 samples per group
except for (E) where one representative experiment of n = 2 independent
experiments is shown with 4 samples per group. Bars represent the mean and
symbols represent individual mice. Significance was determined by one-way analysis
of variance (ANOVA) followed by Tukey’s post-test.
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160  Increasing TCR signal strength promotes the expression of markers

161  associated with chronic T cell stimulation

162 During Clone-13 infection, T cells start to upregulate inhibitory surface markers
163  associated with chronic activation, a state often referred to as “exhaustion”(15, 29-37).
164  To understand if TCR signal strength impacts the expression of these markers we
165 analyzed SMARTA T cells responding to Clone-13 GP61 wt and variant viruses at day
166 14. T cells responding to strong TCR signals expressed the highest levels of both
167 PD1 and Lag3, two well characterized co-inhibitory receptors (Figure 4A-B) (15, 29).
168 SMARTA T cells co-expressing both PD1 and Lag3 were most abundant following
169  Clone-13 GP61 wt infection and decreased in response to Clone-13 variant infection
170  (Figure 4C-D). Although the viral load was decreased in Clone-13 variant infections
171  at this time point, the basal activation of CD4*CD44" T cells was equivalent across all
172 three strains and clearly above the recombinant LCMV Armstrong control (Figure S4A-
173 B). Next, we examined the expression of TOX, a transcription factor involved in the
174  adaptation of CD8 T cells to chronic infection(32-36). In response to acute infection,
175  SMARTA Tfh cells expressed higher levels of TOX compared to Th1 cells, consistent
176  with an earlier study highlighting the importance of TOX for Tfh cell development
177  (Figure S4C)(37). In contrast, TOX expression during rLCMV Clone-13 wt infection
178  was most highly upregulated by Th1 effectors (Figure S4C). In line with the expression
179  of PD1 and Lag3, TOX was decreased on SMARTA T cells responding to rLCMV
180  Clone-13 variant viruses, despite being comparably induced on CD4*CD44" T cells
181  (Figure 4E, Figure S4D). TOX was recently demonstrated to be important for the
182  survival of stem-like TCF1* CD8 T cells that accumulate during chronic LCMV(34, 38,
183  39). Given the transcriptional similarities of TCF1* CD8 T cells and Tfh cells, we

184  wondered if TCF1 would be similarly regulated by TCR signal strength following Clone-
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185 13 variant infection(40). Here we observed that unlike TOX expression, TCF1 is
186  similarly expressed by T cells responding to all three rLCMV Clone-13 variants (Figure
187  4F, S4E), indicating that TCF1 expression is likely to be maintained independently of

188  TCR signals.
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Figure 4: Increased TCR signal strength induces expression of markers
associated with chronic T cell stimulation

Spleens were harvested 14 days after infection with LCMV Clone-13 based variants.
(A) Histograms (left) and relative MFI (right) of PD1 in the total SMARTA
compartment (left) or SMARTA Th1 and Tfh subsets (right).

(B) Histograms (left) and relative MFI (right) of Lag3 in the SMARTA compartment.
(C) Identification of PD1*Lag3" SMARTA cells by flow cytometry compared to naive
CD62L* CD44" CD4 T cells from an uninfected mouse.

(D) Quantification of PD1*Lag3® SMARTA cells in the SMARTA (top) or CD44*
(bottom) compartment.

(E) Histogram (left) and relative MFI (right) of TOX in the SMARTA compartment.
(F) Histogram (left) and relative MFI (right) of TCF1 in the SMARTA compartment.
Data are pooled from n = 2 independent experiments with 6-9 samples per group.
Bars represent the mean and symbols represent individual mice. Significance was
determined by one-way analysis of variance (ANOVA) followed by Tukey’s post-test.
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Figure S4: Increased TCR signal strength induces expression of markers
associated with chronic T cell stimulation

Spleens were harvested 14 days after infection with LCMV Clone-13 based variants.
(A) Viral load in kidneys.

(B) Relative MFI (right) of PD1 and Lag3 in the CD44" compartment.

(C) Relative MFI of TOX in SMARTA Th1 and Tfh.

(D) Relative MFI (right) of TOX in the CD44* compartment.

(E) Relative MFI of TCF1 in the SMARTA Th1 and Tfh subsets.

Data are pooled from n = 2 independent experiments with 6-9 samples per group
except for (A) where one representative experiment of n = 2 independent
experiments is shown with 4-5 samples per group. Bars represent the mean and
symbols represent individual mice. Significance was determined by one-way analysis

of variance (ANOVA) followed by Tukey’s post-test (B,D) or by paired two-tailed
Student’s t-tests (C).
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189  Discussion

190 The results of this study highlight the differential impact of TCR signal strength
191 in shaping CD4 T cell fate according to the infection context. By systematically
192  comparing the differentiation of TCR transgenic T cells responding to variant ligands
193  intwo distinct infection models, we demonstrate that the impact of TCR signal strength
194 is heavily dependent on the infection specific parameters such as antigen load and
195  inflammation.

196 The observation that TCR signal intensity correlates with Th1 generation during
197 acute infection is consistent with accumulating evidence that higher potency ligands
198 increase T cell sensitivity to IL-2, which likely drives the survival and expansion of Th1
199 effectors (4, 8, 41-45). This is similar to the paradigm described for Th1/Th2 cell
200 differentiation, where stronger signals induce Th1 cells and weaker signals induce Th2
201 cells(46). Nevertheless, at very high antigen doses, T cells revert to Th2
202  differentiation, potentially due to the susceptibility of Th1 cells to activation induced
203  cell death (AICD)(47, 48). AICD of Th1 cells might also contribute to biased Tfh
204  generation at the higher end of TCR signal strength during Clone-13 infection(49, 50).
205 The shift of relatively high affinity CD4 T cells toward a Tfh cell phenotype
206  during Clone-13 infection is well documented(74, 40, 57). In addition to antigen
207  persistence, however, Clone-13 presents an altered inflammatory environment which
208 contributes to an interferon stimulated gene signature and IL-10 production by
209  chronically activated CD4 T cells(15, 52). It is possible that the unique cytokine milieu
210  present during Clone-13 infection cooperates with strong TCR signals to fine tune T
211  cell fate. For example, activation of T cells in the presence of IFNa induces T cell
212 secretion of IL-10 which is positively regulated by TCR signal strength(53, 54). While

213 this may ultimately serve to limit host pathology, it may also prevent the accumulation
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214  of Th1 effectors. Consistent with this idea, blocking IFNa or IL-10 during Clone-13
215 infection rescues the Th1 effector compartment and improves viral control, although
216 this likely depends on the rate of viral replication(55-57). Within the same
217  inflammatory context, weaker TCR signals might induce less T cell derived IL-10 which
218  has been shown to impair Th1 effector cell differentiation(52). Of particular interest, T
219  cell production of IL-10 during chronic infection depends on sustained, but ERK-
220 independent TCR signals, suggesting that inflammatory versus suppressive cytokine
221  secretion may have distinct TCR signaling requirements(52). Future experiments
222  should address this by determining whether TCR signal strength contributes to
223  cytokine production as well as cytokine susceptibility (i.e. induction of cytokine
224 receptors) of effector cells responding during acute and chronic viral infection.

225 Finally, the ability of weakly activated T cells to maintain a higher proportion of
226  Th1 effectors might ultimately contribute to viral control. The observation that the
227 weakest Clone-13 variant, Y72F, elicited significantly more expansion than its
228  Armstrong counterpart demonstrates that prolonged antigen presentation supports the
229  accumulation of relatively low affinity T cells. Importantly, our study only follows the
230 differentiation of T cells specific for a single epitope, while low affinity T cells are
231 demonstrated to comprise up to half of the endogenous effector T cell response(58).
232 Going forward, it will be interesting to determine whether targeting the expansion of
233 lower affinity T cells with the potential to resist functional inactivation and maintain
234  proliferative potential will improve control of viral infection.

235
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396 Material & Methods

397

398  Viruses

399  Virus rescue was performed as described previously using the pol-l/pol-ll-driven
400 reverse genetic system for LCMV (217). Single amino acids changes of the GP61-
401 epitope were introduced by site directed mutagenesis of the previously described pl-
402  S-WE-GP rescue plasmid (27). This plasmid encodes the nucleoprotein (NP) of the
403 LCMV Armstrong strain on cis with the glycoprotein (GP) of LCMV WE. Additionally,
404 the LCMV Armstrong specific D63K mutation was introduced into the GP61-coding
405  sequence of the WE-GP gene matching the LCMV Armstrong / Clone-13 amino acid
406 sequence of the GP61 peptides employed in the T cell activation assay. The resulting
407  S-rescue plasmids were combined either a plasmid expressing either the Armstrong
408 or the Clone-13 L segment in order to generate acute and chronic variants
409 respectively. The presence of the desired mutations in the viral genomes was verified
410 by sanger sequencing of RT-PCR amplicons generated with the OneStep RT-PCR-kit
411  (Qiagen) using LCMV WE GP-specific primers (GATTGCGCTTTCCTCTAGATC and
412 TCAGCGTCTTTTCCAGATAG). Viral RNA was extracted from cell culture
413 supernatants using the Direct-zol RNA MicroPrep kit (Zymo Research). Virus titer were
414  determined by immunofocus assay as described on NIH/3T3 cells (59).

415

416  Viral growth kinetics

417  To determine viral replication capacities, BHK21 cells were seeded 24 hours prior to
418 infection with a MOI of 0.01. Supernatant was collected at indicated time points and
419  replaced with fresh culture medium.

420
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421  Mice and Animal experiments

422 Mice were bred and housed under specific pathogen-free conditions at the University
423  Hospital of Basel according to the animal protection law in Switzerland. For all
424  experiments, male or female sex-matched mice were used that were at least 6 weeks
425 old at the time point of infection. The following mouse strains were used: C57BL/6
426 CD45.2, SMARTA Ly5.1, CD74". Mice were injected with intraperitoneal injection of
427  2x10° FFU for Armstrong variants or via intravenous injection of 2x10° FFU for Clone-
428 13 variants.

429

430  NICD-protector

431  Mice were intravenously (i.v.) injected with 12.5ug homemade ARTC2.2-blocking
432 nanobody s+16 (NICD-protector) at least 15 minutes prior to organ harvest.

433

434  Adoptive cell transfer

435  Single-cell suspensions of cells were prepared from lymph nodes by mashing and
436 filtering through a 100um strainer. Naive Smarta cells were enriched using Naive CD4
437 T cell isolation kit (StemCell). 1x10* SMARTA Ly5.1 cells were adoptively transferred
438  into Ly5.2 recipients via intravenous injection as previously described (60).

439

440  Flow Cytometry

441  Spleens were removed and single-cell suspensions were generated by mashing and
442  filtering the spleens through a 100pm strainer followed by erythrocytes lysing using
443  Ammonium-Chloride-Potassium (ACK) lysis buffer. SMARTA and endogenous LCMV-
444  specific CD4 T cells were analyzed using I1Ab:NP309-328 (PE) or IAb:GP66-77 (APC)

445  (provided by NIH tetramer core) tetramer. Following staining for 1 hour at room

28


https://doi.org/10.1101/2020.08.06.236497

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.236497; this version posted August 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

446  temperature in the presence of 50nM Dasatinib, tetramer-binding cells were enriched
447  using magnetic beads and counted as previously published (60). Surface combined
448  with viability staining was performed for 30min on ice. For transcription factor staining,
449  fixation and permeabilization was performed according to the Foxp3/Transcription
450  Factor staining kit (eBioscience). Samples were analyzed on Fortessa LSR Il or Canto
451 Il cytometers (BD Biosciences) followed by data analysis with FlowJo X software
452  (TreeStar). CD4* T cells were pre-gated on lymphocytes in FSC/SSC, dump-, live
453 CDA4" cells and then further gated on CD44" Tetramer to assess the CD44*
454  compartment, CD44" CD45.1* GP66" for SMARTA and CD44* NP309* for NP-specific
455  cells.

456  The following antibodies were used: CD4 (BUV496, GK1.5, BD, #564667; APC
457  eFluor780, GK1.5, eBioscience, #47-0041-82), CD11b (PE-Cy5, M1/70, BioLegend,
458  #101222), B220 (PE-Cy5, RA3-6B2, BiolLegend, #103210, PE-Cy7, RA3-6B2,
459  BiolLegend, #103222), CD11c (PE-Cy5, N418, BioLegend, #117316; AF647, N418,
460 BiolLegend, #117312), CD44 (BUV395, IM7, BD), CD45.1 (FITC, A20, BD, #553775;
461 APC, A20, eBioscience, #17-0453-82), CD45.2 (APC-Fire, 104, BiolLegend,
462  #109852), CD69 (PE, H1.2F3, eBioscience), CD62L (APC, MEL-14, BD, #553152),
463 PSGL-1 (BV605, 2PH1, BD, #740384), PD1 (BV785, 29F.1A12, BiolLegend,
464 #135225), Va2 TCR (PE, B20.1, eBioscience, #12-5812-82; FITC, B20.1,
465  eBioscience, #11-5812-82), V8.3 TCR (FITC, 1B3.3, BD, #553663), F4/80 (PE-CyS5,
466  BM8, BioLegend, #123112), I-Ab (PE, AF6-120.1, BD, #553552), FR4 (PE-Cy7, 12A5,
467 BiolLegend, #125012), Ly6C (BV510, HK1.4, BioLegend, #128033), Bcl6 (BV421,
468 K112-91, BD, #563363), T-bet (BV711, 4B10, BioLegend, #644820), TOX (PE,

469 TXRX10, eBioscience, #12-6502-82), Lag3 (BV421, C9B7W, BioLegend, #125221),
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470 TCF1 (AF700, 812145, R&D Systems, #FAB8224N), Zombie Fixable Viability Dye
471  (Zombie Red, BioLegend, #423110).

472

473  CD69 SMARTA activation assays

474  Serial dilutions of the GP61-wt peptide or APLs were plated. 5x10° Ly5.2 Splenocytes
475 and 1x10° Ly5.1 SMARTA cells per well were added to the dilution series, stimulated
476  overnight at 37°C, and subsequently stained and analyzed at the flow cytometer.

477

478  MHC-II out-competition assays

479  CD747 splenocytes were cultured with a custom made GP61-FITC at a fixed
480  concentration of 1x10® M and various serial dilutions of GP61-wt or APLs for 4 hours
481 at 37°C. After stimulation, the cells were stained and analyzed at the flow cytometer.
482  The FITC-labelled GP61 peptide was custom made by Eurogentec.

483

484  Statistical analysis

485  Geometric mean was used to determine the mean fluorescence intensity (MFI) and
486  values were normalized to the mean of the control group from each experiment before
487  data was pooled. Pooled and normalized MFls are referred to as relative MFI. ECso
488 values were calculated using a sigmoidal dose-response fit in GraphPad Prism
489  (version 8). For statistical analysis of one parameter between two groups, unpaired
490 two-tailed Student’s t-tests were used to determine statistical significance. To compare
491 one parameter between more than two groups, one-way analysis of variance
492  (ANOVA) was used followed by Turkey’s post-test for multiple comparisons. P values
493  are indicated on the graphs. Data was analyzed using GraphPad Prism software

494  (version 8).
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