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CHAPTER 5

Viral inoculum dose
impacts memory
T-cell inflation

Anke Redeker, Suzanne P.M. Welten
and Ramon Arens
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ABSTRACT

Memory T cell inflation develops during certain persistent viral infections
and is characterized by the accumulation and maintenance of large num-
bers of effector-memory T cell populations, albeit with varying degrees in
size and phenotype among infected hosts. The underlying mechanisms
that control the generation of memory T cell inflation are not yet fully
understood. Here, we dissected CMV-specific memory T cell formation
and its connection to the initial infectious dose by varying the inoculum
size. After low dose inoculum with mouse CMYV, the accumulation of in-
flationary memory T cells was severely hampered and correlated with
reduced reservoirs of latent virus in non-hematopoietic cells and dimin-
ished antigen-driven T cell proliferation. Moreover, lowering of the initial
viral dose turned the characteristic effector memory-like inflationary T
cells into more central memory-like cells as evidenced by the cell-surface
phenotype of CD27"8", CD62L*, CD127" and KLRG1", and by improved
secondary expansion potential. These data show the impact of the viral
inoculum on the degree of memory T cell inflation and provide a ratio-
nale for the observed variation of human CMV-specific T cell responses in
terms of magnitude and phenotype.



CHAPTER 5

Memory T cell inflation arises during certain persistent viral infections and is character-
ized by the accumulation and maintenance of large numbers of effector-memory T cell
populations (1). It is especially prominent during the course of cytomegalovirus (CMV)
infection and observed in different species including humans, monkeys, and mice (2-5).
Studies in experimental models of CMV infection imply that memory T cell inflation is
driven by repetitive antigen exposure likely due to sporadic viral re-activation (6-10).
The characteristic effector-like phenotype of the inflationary memory CD8* T cells (i.e.
CD27"°v, CD28, CD62L;, CD127,, KLRG1*, IL-2*) (8, 11, 12) further underscores the in-
fluence of antigen-driven differentiation but costimulatory signals provided by TNFR
family members such as CD27, OX40 and 4-1BB are required for inflation as well (13-15).
In addition, CD4 T cell help facilitates the inflationary CD8" T cell response (16, 17). In
contrast to exhausted T cells, which develop during infection with high-level replicating
viruses (18), inflationary T cells remain functional throughout the lifetime of the host (5,
19-21), which provides prospects for the use of CMV-based vaccine vectors (1, 22-24).
The percentages of human CMV-specific T cells occupying the memory T cell compart-
ment vary greatly among seropositive individuals (25, 26). Moreover, the effector mem-
ory phenotype of CMV-specific T cells varies among individuals and seems to correlate
with the memory CD8" T cell pool size (26-29). In this respect, it is of interest to note that
the viral dose which humans become infected with likely varies within a large range
as bodily fluids such as breast milk, saliva and urine, causing horizontal transmission
of CMV, contain different quantities of CMV among individuals ranging from 10' to
105 copies/pl (30, 31). Thus, it appears that the degree of memory T cell inflation differs
per CMV-infected host but whether this is linked to the initial viral inoculum dose is
unknown.

In this study, we examined the influence of the viral inoculum size on the course of
CMYV infection and on memory T cell inflation in particular by using an experimental
model of CMYV, i.e. mouse CMYV, which mimics human CMYV infection. We found that
low dose viral inoculum in contrast to high dose resulted in severely hampered mem-
ory T cell inflation, which is accompanied by a more central memory phenotype of the
inflationary T cells and improved capacity to expand after re-challenge. These findings
are of importance for vaccination strategies against CMV and for the development of
CMV-based vaccine vectors.

Mice
Wild-type (WT) C57BL/6 and BALB/c mice were purchased from Charles River. Thy1.1
(CD90.1) mice (obtained from The Jackson Laboratory) on a C57BL/6 background were
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bred in-house. All mice were maintained under specific pathogen free (SPF) conditions
at the Central Animal Facility of Leiden University Medical Center (LUMC) and were
8-10 weeks old at the beginning of each experiment. All animal experiments were ap-
proved by the Animal Experiments Committee of the LUMC and performed according
to the Dutch Experiments on Animals Act that serves the implementation of ‘Guidelines
on the protection of experimental animals’ by the Council of Europe and the guide to
animal experimentation set by the LUMC.

MCMYV infection and determination of viral load

MCMV-Smith was obtained from the American Type Culture Collection (ATCC VR-194;
Manassas, VA) and salivary gland stocks were prepared from infected BALB/c mice.
Mice matched for gender and age were infected i.p. with different dosages of salivary
gland derived MCMV-Smith ranging from 10' to 10* PFU. For determination of viral
load, genomic DNA was isolated from snap frozen tissues or from hematopoietic and
non-hematopoietic cell splenic populations that were sorted based on the expression
of CD45 using a DNAeasy blood and tissue kit (Qiagen, Venlo, Netherlands). MCMV
glycoprotein B (gB) was then assayed by quantitative PCR using an 1Q5 real time PCR
detection system (Bio-Rad, Hercules, CA) and IQ SYBR Green MasterMix reagent (Bio-
Rad). Aliquots (100 ng) of DNA were used as templates for each reaction. MCMYV gB was
used to determine MCMYV viral load and MCMYV copy numbers were calculated using a
standard curve generated with the K181 MCMYV plasmid. Data are expressed as MCMV
copy number per 100 ng genomic DNA and normalized to (3-actin. The limit of detection
was 400 genome copies/100 ng DNA. The primer sequences used for detection of gB
were 5'-GAAGATCCGCATGTCCTTCAG-3' and 5-AATCCGTCCAACATCTTGTCG-3'.
Primers used for detecting {3-actin were 5-GATGTCACGCACGATTTCC-3" and 5-GG-
GCTATGCTCTCCCTCAC-3'. Real-time PCR data was analyzed using the Bio-Rad 1Q5
software.

MCMV-specific antibody detection

Blood samples were collected retro-orbitally from infected mice at day 8, 60 and 120
post-infection. After brief centrifugation, sera were transferred to new tubes and stored
at —20°C. MCMV-specific serum IgG levels were measured by ELISA. In short, 96 well
plates (Nunc Maxisorp) were coated overnight at 4°C with NIH-3T3 derived MC-
MYV-Smith in bicarbonate buffer (pH 9.6). Plates were subsequently incubated for 1 h
at 37°C with blocking buffer (PBS/5% milk powder). Sera were diluted 1:500 in PBS/1%
milk powder and incubated in the blocked wells for 1 h at 37°C. HRP-conjugated IgG,,
IgG,,, IgG,, IgG, antibodies (Southern Biotech, Birmingham, USA) were diluted 1:4000
in PBS/1% milk powder and incubated 1 h at 37°C. To develop the plates 100 ul of TMB
(3,3',5,5"-Tetramethylbenzidine) (Sigma Aldrich) was added to each well and incubated

for 15 minutes at room temperature, after which 100 ul stop solution (1M H,SO,) was
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added. Plates were measured within 5 minutes after adding stop solution at 450 nm us-
ing a Microplate reader (Model 680, Bio-Rad).

Flow cytometry

Single cell suspensions were prepared from spleen and lymph nodes by mincing the
tissue through a 70 um cell strainer (BD Bioscience). For lymphocyte isolation from the
bone marrow, the tibias and femurs were removed and flushed followed by filtering
through a 70 pm cell strainer. Erythrocytes were lysed in a hypotonic ammonium chlo-
ride buffer. Before lungs and liver were removed, mice were perfused with PBS contain-
ing EDTA to remove all blood associated lymphocytes. Lymphocytes were isolated from
the lungs and liver by collagenase (crude, type IA) (Sigma Aldrich) and DNAse I (Sigma
Aldrich) treatment for 0.5 h followed by percoll (GE Healthcare, Uppsala) gradient. Te-
tramer staining and intracellular cytokine staining were used to determine the magni-
tude and characteristics of the MCMV-specific T cell responses as described elsewhere
(32). Fluorochrome-conjugated antibodies specific for CD3, CD8, CD25, CD44, CD45.1,
CD45.2, CD90.1, CD90.2, CD127 (IL-7Ra), IFN-y, IL-2, KLRG1, NK1.1, TNF, Ki67 and
Bcl-2 were purchased from BD Biosciences, Biolegend or eBioscience. Dead cells were
excluded by positivity for 7AAD (Invitrogen). Cells were acquired using a BD LSR II
flow cytometer, and data was analyzed using FlowJo software (TreeStar).

Tetramers and peptides

The following class I-restricted peptides were used: M45,, ., m139,, . M38, . and
IE3,,, ,,, (described in (12, 33)). MHC class I tetramer complexes for M45 (D" restricted),
m139, M38 and IE3 (all K" restricted) were produced as described elsewhere (34).

Re-challenge and adoptive transfers

To determine the effect of the inoculum size on protective immunity, mice were infected
with 10" or 10* PFU MCMV-Smith and 60 days post-infection these mice were re-infect-
ed with 10° PFU MCMV-Smith. One day before and 5 days after re-challenge, blood
was taken and the magnitude of the response was determined by tetramer staining. To
determine the secondary expansion capacity of MCMV-specific T cells after adoptive
transfer, Thy1.1 mice were infected with 10' PFU or with 10* PFU MCMV-Smith. At day
60 post-infection, splenic M45-, M38- and IE3-specific CD8" T cells were stained with
MHC class I tetramers and purified by sorting using a BD FACSAria II flow cytometer.
Next, 1x 10° M45*, 3x 10° M38* or 3 x 10° IE3* CD8"* T cells were transferred i.v. into naive
Thy1.2 mice. The host mice were infected 3 h later with 10* PFU MCMYV-Smith and at
day 5 post-infection the absolute numbers of donor M45-, M38- and IE3-specific CD8" T
cells were determined in the spleen by tetramer staining.

To compare the secondary expansion capacity of central memory MCMV-specific CD8"

T cells induced in low and high dose infected mice, Thyl.1 mice were infected with 10"
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PFU or with 10* PFU MCMV-Smith. At day 60 post-infection, splenic CD127*KLRGI
M38-specificCD8" T cells were purified by sorting using a BD FACSAria II flow cytome-
ter. Next, 3 x 10° of the sorted cells were transferred i.v. into naive Thy1.2 mice. The host
mice were infected 3 h later with 10* PFU MCMV-Smith and at day 5 post-infection the
absolute numbers of donor M38-specific CD8" T cells were determined in the spleen by

MHC class I tetramer staining.

Statistical analysis
Statistical significance was assessed by the Mann-Whitney test using GraphPad Prism

software. P values < 0.05 were considered significant.

The degree of memory T cell inflation is determined by the size of the viral inoculum
To determine the effect of the inoculum dose on the inflation of MCMYV-specific mem-
ory T cell populations, C57BL/6 mice were infected with either 10' PFU (low dose) or
10*PFU (high dose) of MCMYV Smith strain. Accordingly, both in the acute and chronic
phase of infection, viral load in tissues (liver, lungs and salivary glands) determined by
quantitative real-time PCR (qPCR) was lower in mice infected with 10' PFU MCMYV as
compared to infection with 10* PFU (Fig. 1A). Furthermore, the number of activated NK
cells, which play an important role in limiting acute CMV replication, correlated to the
viral dose (Fig. 1B). The MCMV-specific IgG2c antibody titers were reduced in low dose
infected mice at day 8 post-infection. Inflation of IgG2c levels, however, was observed in
both low and high dose infected mice (Fig. 1C). Similar results were obtained with other
antibody IgG isotypes, i.e. IgG1, IgG2b, and IgG3 (data not shown).

In the acute phase of infection, the absolute splenic numbers of the non-inflationary
M45-specific CD8" T cells were ~5-fold reduced in mice receiving low dose inoculum,
and CD8" T cell numbers specific for the inflationary epitopes m139, M38 and IE3 were
~2 fold reduced (Fig. 1D). After the peak of the acute response (day 8), the M45-specific
CD8" T cell response underwent similar contraction in the low and high dose infected
mice. Remarkably, although MCMYV infection in C57BL/6 mice is usually characterized
by accumulation of m139-, M38- and IE3-specific CD8" T cells during the chronic phase,
inflation of these populations is either absent (m139- and M38-specific) or rigorously im-
paired (IE3-specific) when the inoculum size is lowered to 10' PFU (Fig. 1E). Analogous
to the spleen, the degree of memory T cell inflation in the lungs was impaired after low
dose inoculum as compared to high dose (Fig. 1F). Thus low dose inoculum of MCMV
still results in a persistent infection, but in contrast to high dose inoculum such infection

is not accompanied by overt memory T cell inflation.
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Figure 1. The degree of memory T cell inflation is determined by the size of the viral inoculum. WT mice
were infected with 10" or 10* PFU MCMV-Smith. (A) Viral titers were determined in liver, lungs and salivary
glands (SG) by quantitative real-time PCR at day 4 and 60 post-infection. Graphs depict MCMV genome
copies per 100 ng tissue derived DNA. Each symbol represents an individual mouse. (B) Bar graphs depict
the absolute number of splenic NK1.1"/CD3- cells positively stained for CD25 at day 4 and 8 post-infection.
(C) At day 8, 60 and 120 days post-infection serum samples were taken and MCMYV specific IgG2c titers were
determined by ELISA. Graph shows OD values measured at 450 nm. (D) At day 8 and 60 after infection, the
magnitude of the CD8" T cell response to epitopes derived from the MCMYV proteins M45, m139, M38 and IE3
was determined in the spleen using MHC class I tetramer staining. Representative flow cytometry plots show
CD44 expression and binding to MHC class I M45 tetramers (Tet) on gated CD8" T cells at 8 day after infection.
Bar graphs show the absolute number of splenic MCMV-specific CD8" T cells for each epitope at day 8 and
60 post-infection. (E and F) At day 8, 30, 60 and 120 after infection the magnitude of the CD8" T cell response
to the indicated MCMYV epitopes was examined in the spleen (E) and in the lungs (F). Graphs show the abso-
lute number of MCMV-specific CD8" T cells for each epitope as determined by using MHC class I tetramers.
Shown are mean values and SEM (n = 4). Statistical significance is determined by the Mann-Whitney test and
indicated with an asterisk (* p < 0.05). Shown are representative data of three independent experiments.

Impaired memory T cell inflation during low dose infection relates to diminished
latent virus in non-hematopoietic cells and to antigen-driven proliferation

Priming of CMV-specific T cells is thought to be dependent on cross-presenting hema-
topoietic antigen-presenting cells while memory T cell inflation, at least in the MCMV
model, relies on infected non-hematopoietic cells (6, 10, 35). To evaluate whether the
impaired memory T cell inflation after low dose inoculum relates to the amount and
localization of (latent) MCMYV, we aimed to quantify the presence of MCMYV genomes by
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Figure 2. Reduced reservoirs of latent MCMYV in non-hematopoietic cells and diminished antigen-driven T
cell proliferation after low dose infection. WT mice were infected with 10" or 10* PFU MCMV-Smith. (A) Viral
titers were determined in hematopoietic (CD45) and non-hematopoietic (CD45) spleen cells by quantitative
real-time PCR at day 8 and 60 post-infection. Graphs depict MCMV genome copies per 100 ng DNA. Each
symbol represents an individual mouse (1 = 3). (B) Representative flow cytometry plots show expression of
Bcl-2 and Ki67 on M38-tetramer* CD8"* T cells derived from the spleen or LN (axillary, brachial and inguinal)
at day 8 and 60 after infection. (C) Bar graphs show the percentage of Bcl-2'/Ki67* or Bcl-2/Ki67" expressing
cells within the tetramer® CD8" T cell populations at day 8 and 60 post-infection in the LNs or (D) spleen.
Shown are mean values and SEM (1 = 5). Bcl-27/Ki67* M45- and IE3-specific T cells were not detectable (ND)
in the lymph nodes at day 60 post-infection. Statistical significance is determined by the Mann-Whitney test
and indicated with an asterisk (* p <0.05). Shown are representative data of two independent experiments.

qPCR in hematopoietic (CD45") and non-hematopoietic (CD45’) splenic cells during the
acute and latent phase of infection. During the acute phase of infection, MCMV genomes
were more abundantly present in both the hematopoietic and non-hematopoietic frac-
tion of low and high dose inoculated mice while at day 60 post-infection, when memory
T cell inflation occurs predominantly in high dose infected mice, MCMYV localizes only
in these mice at a higher level in the non-hematopoietic compartment (Fig. 2A). Thus
besides affecting productive infection also the reservoir of latent MCMV genomes in
non-hematopoietic cells is influenced by the initial viral dose. Consistent with previous
findings (6, 10) this finding also suggests that latently infected non-hematopoietic cells
are essential for driving memory T cell inflation.

To evaluate whether the reduced presence of MCMYV genomes after low dose inoculum
is related to impaired cycling activity of the inflationary memory T cells, we analyzed
Ki-67 expression (associated with proliferation) together with the expression of the an-
ti-apoptotic molecule Bcl-2 in order to discriminate between either antigen-driven pro-
liferation (Bcl-2’Ki-67*) or cytokine-driven homeostatic proliferation (Bcl-2'Ki-67*). While
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at day 8 post-infection, both in low and high dose infected mice the cycling activity of
M45-, m139- and M38-specific CD8" T cells in spleen and lymph nodes was mainly an-
tigen-driven, at late time-points post-infection the antigen-driven proliferation in these
cells was still considerable in high dose infected mice but minute in low dose infected
mice (Fig. 2B-D). Remarkably, IE3-specific CD8' T cells already show diminished anti-
gen-driven proliferation at day 8 post-infection but show elevated cytokine-driven ho-
meostatic proliferation at day 8 post-infection in spleen and lymph nodes and at day 60
in the spleen (Fig. 2B-D). Taken together, these results show that the impaired memory
T cell inflation after low dose inoculum relates to reduced reservoirs of latent MCMYV in
non-hematopoietic cells and accordingly into diminished antigen-driven T cell prolifer-

ation.

Viral inoculum size influences central and effector memory CD8* T cell formation
Inflationary memory T cells are characterized by a predominant effector-like phenotype,
whereas non-inflationary memory T cells have a principal central memory phenotype

during the latent phase of infection (1). To evaluate whether the central/effector memory
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Figure 3. Viral inoculum size influences central and effector memory CD8* T cell formation. WT mice were
infected with 10* or 10* PFU MCMV-Smith. (A) Representative flow cytometry plots show cell surface expres-
sion of CD127 and KLRG1 or (B) expression of CD27 and CD62L on splenic M45, m139, M38 and IE3 tetramer”
CD8* T cells at day 8 and 60 after infection. (C and D) Bar graphs show the percentage of CD127, KLRG1, CD27
and CD62L expressing cells within the tetramer* CD8" T cell populations at day 8 and 60 post-infection in the
spleen. (E) Bar graphs show the percentage of CD127 and KLRG1 expressing cells within the tetramer* CD8" T
cell populations at day 8 and 60 post-infection in the lungs. Shown are mean values and SEM (n=4). Statistical
significance is determined by the Mann-Whitney test and indicated with an asterisk (* p < 0.05). Shown are
representative data of three independent experiments.
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phenotype is related to the occurrence of inflation we examined the phenotype of MC-
MV-specific CD8" T cells after low and high dose viral inoculum. Regardless of the inoc-
ulum dose, the splenic M45-specific memory T cells cell surface markers associated with
a central memory phenotype at day 60 post-infection (CD127*KLRG1-CD62L+*CD27"ish)

(Fig. 3A-D) while during acute infection (day 8), these cells display an effector-like phe-
notype (CD127 KLRG1*CD62L-CD27""). In contrast, the splenic m139- and M38-specific
CD8" T cells display a reduced effector-like phenotype (CD127 KLRG1*CD62L-CD27'")
in low dose infected animals during the acute and persistent phase of infection (Fig. 3A-
D). Intriguingly, the CD8" T cells that react to the inflationary IE3 epitope have like the
M45-specific CD8" T cells a predominant central memory phenotype (Fig. 3A-D). This
shift in phenotype of the IE3-specific CD8* T cells in low dose infected mice is already
clearly present in the acute phase of infection (day 8) and gradually becomes more pro-
nounced. In the lungs, minimal differences in cell surface phenotype MCMV-specific
CD8" T cells were observed between low and high dose infected during the acute phase
of infection but at later time points the inflationary T cells were phenotypically less ef-

fector-like in low dose infected mice (Fig 3E).

A

T g Figure 4. Inflationary MCM V-specific CD8" T cells
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As observed with the analysis of the phenotypic cell-surface markers, the percentage
of IL-2'TNF* but not the IL-2’TNF* expressing cells within the inflationary m139-, M38-
and IE3-specific CD8" T cell pools was increased in low dose infected hosts, which also
points to a more central memory phenotype (Fig. 4A and B). The IL-2 production by the
non-inflationary M45-specific CD8" T cells was unaltered by varying the viral inoculum
size. When intermediate inoculum sizes of 10>and 10° PFU were used to infect mice
also intermediate phenotypes and degrees of memory inflation were observed (data not
shown). Together, these results indicate that the phenotype of inflationary MCMYV-spe-
cific CD8' T cells is influenced by the viral dose. In addition, the data instill that already
early after infection phenotypic analysis of inflationary T cells can be used to predict the

occurrence of inflation during the persistent phase of infection.
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Organ distribution of IE3-specific CD8* T cells correlates with the shift towards cen-
tral memory phenotype in low dose infection

Central memory and effector memory T cells are characterized not only by their differ-
ence in effector function but also by their distinct homing capacity (36). While central
memory T cells preferentially home to lymphoid organs, effector memory T cells have
the capacity to migrate throughout the whole body. To address whether the skewing
towards a more central memory-like phenotype in low dose infection resulted in alter-
ations in tissue distribution of MCMV-specific CD8" T cells, mice were infected with
10" or 10* PFU MCMYV and absolute numbers of MCMV-specific CD8" T cells were de-
termined in lymphoid (inguinal lymph nodes (ILN), and bone marrow) and non-lym-
phoid tissues (lungs, and liver) at day 30 post-infection. In all these tissues the absolute
numbers of MCMV-specific CD8" T cells were as anticipated lesser in low dose infected
mice (Fig. 5A and B). The organ distribution of M45-specific CD8" T cells is not different
between infection with 10! and 10* PFU MCMYV, which is in accordance with the ob-
servation that M45-specific T cells display a central memory phenotype independently
of the size of the viral inoculum. Despite the moderate differences in phenotype, the
m139- and M38-specific CD8" T cell populations exhibited minute differences in organ

distribution when comparing the low and high inoculum sizes. During the course of low

= 10" pfu
A M45 m139 M38 IE3 = 10%pfu
N 7 y 1. 1.4 Y Y y 176 33x 136x 9.9
o 4o, X AT A4 B2x g MOCTTX 1B LA, 380 28 32 23,40 X 2% 136 DN
x
@ 30 1.5
3 4.0 10.01
20 1.0
(=]
[a 20 5.0
o 10 05
+
20 - 0 - 0- - 0- -
ILN  BM Lung Liver ILN  BM Lung Liver ILN  BM Lung Liver ILN  BM Lung Liver
B
L 40 50 801 507
s
@ & 304 40 604 40
® % 30 30
N 820 404
g 20 20|
[5o]
5810 20
28 10 10
0.

ILN BM  Lung Liver 0 ILN BM  Lung Liver 0 ILN BM  Lung Liver o ILN BM  Lung Liver

Figure 5. Organ distribution of IE3-specific CD8* T cells correlates with a strong shift towards central mem-
ory phenotype in low dose infection. WT mice were infected with 10’ or 10* PFU MCMV-Smith and at day
30 after infection the CD8" T cell response to the indicated MCMYV epitopes was examined in inguinal lymph
nodes (ILN), bone marrow, lungs and liver. (A) Depicted are absolute numbers of M45-, m139-, M38- and
IE3-specific CD8" T cells as measured by MHC class I tetramer binding. (B) For each tetramer separately, the
absolute numbers of tetramer* CD8* T cells per tissue were normalized to the total count of the tetramer* CD8*
T cells in ILN, bone marrow, lungs and liver. Bar graphs show mean and SEM (n=4 per experiment). Statistical
significance is determined by the Mann-Whitney test and indicated with an asterisk (* p < 0.05). Shown are
pooled data of two independent experiments.
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dose infection the IE3-specific CD8" T cells preferentially migrated to the ILN and bone
marrow but homed lesser to the lungs and liver compared to high dose inoculum (Fig.
5A and B). Together, these data infer that the migratory properties of IE3-specific CD8"
T cells are influenced by the initial viral dose, which is consistent with the strong shift of
these cells towards a central memory phenotype.

Improved secondary expansion capacity of inflationary memory CD8* T cells elicited
during low dose infection

Immunological memory is the ability of the immune system to respond faster and more
effective upon secondary challenge with the same antigen and constitutes the basis for
vaccination. To examine the effects of the inoculum size on protective immunity and
secondary responses, mice were infected with 10" or 10* PFU MCMYV and after 60 days
the same mice were re-challenged using 10° PFU MCMV (Fig. 6A). The viral loads in the
low and high dose infected mice were comparable after re-challenge and significantly
lower as compared to mice that were not exposed to MCMV prior to the challenge,
indicating that low dose inoculation protects as well as high dose (Fig. 6B). The sec-
ondary expansion potential of the inflationary m139-, M38- and IE3-specific but not of
the non-inflationary M45-specific memory CD8" T cells was improved after low dose
infection compared to high dose infection (Fig. 6C). However, certain conditions such
as T cell competition and differences in innate and humoral immunity between low and
high dose challenged mice could influence the T cell expansion rate. To create conditions
in which the secondary expansion capacity of the MCMYV specific CD8" T cells could
be examined without such confounding factors, we adoptively transferred congenically
marked (Thy1.1) non-inflationary (M45-specific) or inflationary (M38 and IE3-specific)
memory CD8" T cells from low and high dose infected mice into naive (Thy1.2) recipi-
ents and subsequently challenged these recipients with MCMYV (Fig. 6D). No difference
was observed between the secondary expansion capacity of M45-specific CD8" T cells
that originated from mice infected with either low or high dose PFU whereas M38 and
IE3-specific T cells of low dose infected mice expanded better compared to M38 and
IE3-specific CD8" T cells from high dose infected mice (Fig. 6E). Our observation that
M45-specific T cells respond better than inflationary cells after adoptive transfer in naive
mice, while in re-challenged mice that contain high numbers of inflationary T cells the
expansion of M45-specific T cells is relatively reduced as compared to the inflationary T
cells might be explained by competition among MCMV- specific T cell pools as has been
described recently (37, 38).

As central memory T cells are known to have a better expansion potential as compared
to effector memory T cells (39, 40), our findings are consistent with the raised central
memory phenotype of the inflationary T cells in low dose infected mice. To determine
whether there are differences among inflationary T cells with a central memory-like

phenotype elicited either in a low or high dose infection, we sorted congenically marked
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Figure 6. Improved secondary expansion capacity of MCMV-specific CD8" T cells induced by low viral
dose. (A) Schematic of the experimental setup. WT mice were infected with 10' or 10* PFU MCMYV-Smith and
60 days after infection the same mice were re-challenged with 10° PFU MCMYV-Smith. At the same time naive
mice also received a challenge with 10° PFU MCMV-Smith. (B) Graphs indicate the number of MCMV copies
per 100 ng liver derived DNA at day 5 post re-challenge. Each symbol represents an individual mouse. (C)
One day before and 5 days after re-challenge the CD8* T cell response to the indicated MCMYV epitopes was
determined by MHC class I tetramer staining in blood. Bar graph shows fold expansion of the MCMYV-specific
CD8" T cell response after re-challenge. (D) Schematic of the experimental setup. Thy1.1 mice were infected
with 10" or with 10* PFU MCMV-Smith. After 60 days M45, M38 and IE3 tetramer* CD8" T cells were sorted
and transferred into naive Thyl.2 recipients, which were subsequently infected with 10* PFU MCMV-Smith.
(E) Bar graphs show the absolute number of MCMYV-specific CD8" T cells in the spleen at day 5 post-infection.
(F) Schematic of the experimental setup. Thy1.1 mice were infected with 10" or 10* PFU MCMV-Smith. After 60
days CD127*KLRG1 - M38-specific CD8* T cells were sorted and transferred into naive Thy1.2 recipients, which
were subsequently infected with 10* PFU MCMV-Smith. (G) Representative flow cytometry plots show cell
surface expression of Thy1.1 (CD90.1) on splenic M38 tetramer* CD8"* T cells at day 5 post-infection. Bar graph
shows fold expansion of the MCMV-specific central memory CD8" T cells in the spleen. Bar graph data show
mean values and SEM (n=4). Statistical significance is determined by the Mann-Whitney test and indicated
with an asterisk (* p < 0.05). Shown are representative data of two independent experiments.

(Thy1.1) central memory-like (CD127*KLRG1") M38-specific T cells from low and high
dose infected mice and adoptively transferred equal numbers of these cells in naive mice
(Thy1.2 cells). After challenge, we observed a similar expansion capacity indicating that
no intrinsic difference among central memory-like inflationary T cells occurs after a low

or high dose inoculum. Thus, low dose viral inoculum elicits inflationary memory CD8*
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T cells with an improved secondary expansion capacity on a population level consistent

with a central memory phenotype.

In this study we show that the degree of memory T cell inflation is directly influenced
by the size of the viral inoculum. This report also highlights the impact of the inocu-
lum dose on the ratio of effector memory versus central memory phenotype within an
antigen-specific T cell population; a low viral inoculum size skews the “inflationary”
CD8" T cells, or to be more specific the CD8" T cells with the ability to undergo memory
inflation, towards a central memory phenotype (CD127*, KLRG1,, CD27h¢", CD62L", IL-
2%), whereas in high dose infection these T cells are more effector memory like (CD127,
KLRGT1", CD27°*, CD62L;, IL-2""). These data provide reasoning for the dissimilarity
in terms of magnitude and phenotype of CMV-specific T cell responses as observed in
human CMV-infected individuals (25-29).

Inflationary T cell responses are elicited by both immediate early (IE) (e.g. IE3 in C57BL/6
mice and IE1 in BALB/c mice) and early (E) antigens (e.g. m139 and M38 in C57BL/6
mice and m164 in BALB/c mice), albeit with different kinetics and magnitude (12, 41).
We observed that the memory phenotype of the IE3-specific T cells was mostly affected
by the viral inoculum size as compared to the m139- and M38-specific T cells. Neverthe-
less, strongly impaired but still detectable memory T cell inflation was detected against
IE3 whereas no inflation was observed against m139 and M38 in low dose infected mice.
These apparent differences between T cell responses against IE and E antigens point to
different mechanisms how these antigens can provoke memory T cell inflation. Redde-
hase and colleagues have shown that transcriptional reactivation occurs for IE antigens
in the lungs and liver (7, 42), and may drive memory inflation (42). Such transcriptional
reactivation in non-lymphoid tissues is not found or at least to a lesser extend for E anti-
gens, which could be related to a lower incidence or weaker promoter activity (43). Re-
cent data by Oxenius and colleagues indicated that for memory inflation of M38-specific
T cells, the lymphoid organs are instead important (10). Whether transcriptional reacti-
vation is important to inflate memory T cells in the lymphoid organs is undetermined.
Besides potential differences in antigenic triggering of IE and E antigen-specific T cells,
these cells may also differentially depend on (inflammatory) cytokines and costimula-
tion. If indeed different mechanisms exist for memory T cell inflation specific for the
M38 (and m139) versus IE3 antigens, it may explain some of our findings. Such differ-
ences might surface more prominently when limited antigen or alternatively less inflam-
matory/costimulatory signals are available to sustain MCMV-specific T cell populations.
It is thought that the generation and sustainment of high levels of effector-memory

T cells induced by CMV-based vaccine vectors is important for protective immunity
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against the targeted pathogens (22-24). Based on our results, this suggests that high dose
inoculums are important for the success of such CMV-based vaccines. Conversely, in
case of protection against CMYV itself it seems that low dose infection is equally capable
to induce protective immunity as compared to high dose infection. Nevertheless, neither
low nor high dose inoculum is able to induce sterile immunity but whether sterile im-
munity against CMV is possible at all given the numerous immune evasion mechanisms
of CMV (44, 45) remains an open question. Thus far it was found that the immune com-
ponents that are involved in protective immunity against CMV re-infection/activation
point to a role of antibodies and CD8' T cells (7, 46-51), but many particulars still need
to be addressed. In this respect, it is also interesting to note that during primary acute
infection NK cells and CD4" T cells but not antibodies and CD8" T cells are critically in-
volved in controlling viral replication.

Related to the subject of protective immunity and vaccination is conceivably the im-
portance of the balance between effector and central memory T cells. Depending on the
features of the pathogen, either central memory or effector memory T cells constitute
superior protection compared to the other (39, 40). The apparent influence of the viral
inoculum size on the balance between central memory and effector memory CD8'T cells
within the “inflationary” CD8' T cell pools upon MCMYV infection might be exploited for
future vaccine development.
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