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Heterologous immunity associated with cross-reac-
tive T-cell responses is proposed to contribute to vari-
ations among individuals in the pathogenesis of hu-
man viral infections. In genetically identical mice
with similar infection histories, marked variations in
the magnitude and specificities of T-cell responses
under conditions of heterologous immunity occur
and have been linked to the private specificity of
T-cell repertoires in individual immune mice. Varia-
tions in immunopathology in the form of panniculitis
are observed in lymphocytic choriomeningitis vi-
rus-immune mice after vaccinia virus infection. By
adoptively transferring splenocytes from individual
lymphocytic choriomeningitis virus-immune do-
nors into paired recipients, we show here that, on
vaccinia virus infection, similar levels of pannicu-
litis were generated in recipients from a single do-
nor, but the severity of panniculitis varied among
recipients receiving cells from different donors.
This indicates that virus-induced immunopathology
under conditions of heterologous immunity is a
function of the private specificity of the immune
repertoire. (Am J Pathol 2010, 176:2107-2112; DOI:
10.2353/ajpath.2010.090656)

A number of studies have shown that T cell responses to
viral infections may be influenced by memory T cells
generated in response to unrelated pathogens.’® This
alteration in responses is displayed by changes in T cell
immunodominance hierarchies,’ by alterations in viral
loads and protective immunity, and by marked
changes in immunopathology.?* This “heterologous
immunity” can be a consequence of unanticipated T
cell cross-reactivity between different pathogens. In-

deed, T cell specificity can be quite degenerate, and
cross-reactivity between different viruses is common. For
example, human studies have revealed strong T cell
cross-reactivity between influenza A virus (IAV) and
Epstein-Barr virus (EBV) epitopes and between IAV
and hepatitis C virus (HCV) epitopes. Acute infectious
mononucleosis and fulminant hepatitis have been sug-
gested as pathological manifestations of such CD8 T
cell cross-reactivity.®°

Heterologous immunity can best be studied and ma-
nipulated in mouse model systems, and C57BL/6 mice
immune to lymphocytic choriomeningitis virus (LCMV)
and subsequently challenged with vaccinia virus (VV)
show enhanced protective immunity and altered immu-
nopathology, in contrast to naive mice infected with
VV.2“ These are manifestations of heterologous immunity
that can be duplicated by transfer of LCMV-immune T cell
populations into naive mice, followed by challenge with
VV. VV challenge of LCMV-immune mice by the i.p. route
results in a severe panniculitis, or inflammation of visceral
fat, with pathology similar to that of human erythema
nodosum. The fat tissue is infiltrated with T cells cross-
reactive between LCMV and VV, and the pathology is de-
pendent on interferon-y (IFN-y). VV challenge of LCMV-
immune mice by the intranasal route results in abnormally
pronounced T cell infiltrates in the lungs, sometimes with
the accompanying pathology known as bronchiolitis
obliterans.

A property of heterologous immunity noted both in the
human and murine systems is that there can be dramatic
variation in pathogenesis and in the cross-reactive spec-
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ificities of the T cell responses between individuals. This
is caused in part by the “private specificities” of unique T
cell repertoires generated by random DNA recombina-
tion events even in genetically identical hosts.®” Mouse
studies have shown that such variation can even occur in
genetically identical individuals subjected to similar infec-
tion histories. In syngeneic LCMV-immune mice challenged
with VV, T cell immunodominance, and cross-reactivity pat-
terns vary, such that, for example, in some mice VV selec-
tively expands T cells cross-reactive with the LCMV epitope
NP205-212, whereas in other mice there is selective expan-
sion of T cells specific to GP34-41 or to GP118-125.8 T cell
adoptive transfer studies showed that VV-challenged recip-
ient mice receiving T cells from a single LCMV-immune
donor responded with similar T cell responses, but differed
from recipients of immune cells from a different donor.® This
indicated that individual LCMV-immune mice had unique
patterns of T cell cross-reactivity to VV, and that the private
specificities of the T cell repertoires in individuals regulated
the magnitude and the specificities of T cell responses
under conditions of heterologous immunity.?

Human diseases involving suspected heterologous im-
munity include EBV-induced infectious mononucleosis,>
HCV-induced hepatitis,® and dengue virus-induced hem-
orrhagic fever and shock syndrome.®'© All present with
marked variations in immunopathology. Here we tested
the hypothesis that variations in immunopathology under
conditions of heterologous immunity are, like the speci-
ficity of the T cell response, also regulated by the private
specificity of the immune repertoire. We show this to be
true in the panniculitis model described above.

Materials and Methods
Mice

Male C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME;
Ly5.2) and Ly5.1 mice (B6.SJL-Ptprc?; Taconic Farms, Hud-
son, NY) were maintained under specific pathogen-free
conditions in the University of Massachusetts Medical
School Department of Animal Medicine.

Adoptive Transfer and Infections

LCMV-immune mice were inoculated i.p. with 5 x 10%
plague-forming unit (PFU) LCMV Armstrong and were
used after 6 weeks.® For some experiments, LCMV-im-
mune and nonimmune mice were infected with 106 PFU
of the WR strain of VV i.p. For T-cell enrichment, whole
splenocytes were reacted with CD90.2 microbeads
(130-049-101; Miltenyi Biotec, Auburn, CA) and sorted by
Miltenyi Biotech MACS system. For paired cell transfers,
cells from one Ly5.1 LCMV-immune mouse were trans-
ferred via the tail vein into two Ly5.2 mice. Alternatively,
cells from five or more Ly5.1 LCMV-immune mice were
pooled and transferred into four or five Ly5.2 mice. One
day post-transfer, recipients were challenged with 10°
PFU WR strain of VV i.p.

Virus Titration

At day 6 of infection, fat pads were harvested, and VV
titers were determined by plaque assays by using tissue
homogenate taken from individual mice, as described
previously.*

Scoring Panniculitis

Levels 1 to 7 of panniculitis were scored visually based
on the severity of disease as previously described?; lev-
els 110 2, mild disease with a few necrotic white spots on
abdominal fat-pads; levels 3 to 4, moderate disease with
larger patches of necrosis that now also extends into the
left upper quadrant splenic fat-pad; levels 5 to 6, severe
disease with extensive large patches of necrosis through-
out; level 7, very severe disease such that the abdominal
organs adhere to each other; and level 8, mice moribund
with panniculitis and unlikely to survive.

Isolation of Peritoneal Exudate Cells (PEC)

Leukocytes from the peritoneal cavity were collected by
lavaging with 10 ml cold RPMI 1640 medium (GIBCO,
Gaithersburg, MD).

Flow Cytometry and Intracellular IFN-vy Staining

Cells were stimulated and stained for cell surface markers
and intracellular cytokines by using monoclonal antibodies
specific for CD45.1 (A20; eBioscience, San Diego,
CA), CD44 (IM7), CD8a« (563-6.7), and IFN-y (XMG1.2;
BD Biosciences, San Jose, CA), as described previous-
ly.* The samples were analyzed by using a BD Bio-
sciences LSR II and FlowdJo version software.

Synthetic Peptides

LCMV-specific epitopes NP396-404 (FQPQNGQFI),
GP33-41 (KAVYNFATC), GP276-286 (SGVENPGGYCL),
NP205-212 (YTVKYPNL), and GP118-125 (ISHNFCNL)
were purchased from BioSource International Camarillo, CA
and were purified with reverse phase-HPLC to 90% purity.

Statistical Analyses

Intraclass correlation was used to analyze panniculitis data
from paired transfer experiments.'* Other data where des-
ignated were analyzed by the Mann-Whitney test or Stu-
dent’s t-test and presented = SE of the means.

Results

Variation in the Levels of VV-Induced Pathology
in LCMV-Immune Mice Occurs but Does Not
Correlate with Viral Loads

Naive mice infected i.p. with 10° PFU of VV, strain WR,
usually show little or no pathology in visceral fat pads at
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Figure 1. Variable levels of panniculitis independent of VV load in geneti-
cally identical LCMV-immune mice during acute VV infection. LCMV-immune
(A and B) and nonimmune (C and D) mice were challenged with VV i.p. At
day 6 of infection, the levels of panniculitis were recorded, and VV loads
in fat-pads were assayed. A and C: different levels of panniculitis devel-
oped after VV challenge: LCMV-immune = 2.9 & 0.2 versus naive = 1.2 =
0.2; P < 0.0001 by Mann Whitney test. No correlation between VV loads
and levels of panniculitis were found in either LCMV-immune (B) or
nonimmune (D) mice.

6 days postinfection, whereas LCMV-immune male mice,
on infection with VV, develop panniculitis in the form of
acute fatty necrosis.* The variation in levels of panniculitis
in VV-infected LCMV-immune mice ranges from none to
very severe levels, as quantified in Figure 1, A and B, and
this is substantially greater than the low levels of pannic-
ulitis seen in nonimmune mice infected with VV as seen in
Figure 1, C and D. There were variations in panniculitis in
both groups of mice, but the VV-challenged LCMV-im-
mune group averaged a panniculitis index of 2.9 * 0.2
(n = 96), whereas the VV-challenged nonimmune groups
averaged 1.2 = 0.2 (n = 87) with P < 0.0001 when
analyzed by the nonparametric Mann-Whitney test. The
average values obscure the common appearance of ex-
tremes in pathology and the high variation in pathology in
the VV-challenged LCMV-immune group. One possible
explanation for this variation is that higher VV loads in the
fat tissue may result in more cell death and more severe
tissue damage. However, after titrating viral PFU in the fat
pad, we found variations in panniculitis in mice with un-
detectable VV, and mice that had VV loads of more than
10* PFU/mI showed both low and high levels of pannic-
ulitis. The correlation coefficient (R?) between the levels
of panniculitis and VV loads in VV-challenged LCMV-
immune mice was 0.1, which means that the variation in
levels of VV-induced panniculitis in LCMV-immune mice
did not correlate with VV titers (Figure 1B). Similarly, viral
loads did not correlate with the lower but varied levels
of panniculitis in the VV-challenged nonimmune mice,
where R? = 0.04. These data suggest that the host re-
sponse rather than the viral load was associated with
variations in the pathology.
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Pooled LCMV-Immune CD8 T Cells from
Multiple Donors Result in Similar Levels of
Immunopathology

We hypothesized that because variations in immunopa-
thology did not correlate well with viral loads, they might
be a function of the immune responses within the fat. We
had previously shown that LCMV-immune but not naive
splenocytes transferred into naive mice protected them
against VV infection while inducing panniculitis and that
this protection and panniculitis were ablated in the ab-
sence of IFN-y. Protective immunity was also eliminated
by depletion of CD8 or CD4 T cells before transfer.*
Because naive cells transferred neither protective immu-
nity nor panniculitis, we focused our subsequent studies
herein on transferring immune cells only (Figure 2, A-D).
To begin an assessment of the variations in pathology,
we first transferred splenocytes from pooled groups of
LCMV-immune Ly5.1+ mice into naive Ly5.2+ recipients,
challenged them with VV, and looked for induction of
panniculitis (Figure 2A). Here, enriched populations of
CD3+ T cells were transferred in experiments 1 and 2
and total spleen leukocytes in experiment 3. At day 6 of
infection, the donor cell responses were examined, and
the levels of panniculitis were recorded. All recipients
receiving pooled LCMV-immune donor cells generated
similar Ly5.1+ donor T cell responses, with preferential
expansion of the LCMV-encoded NP205-specific T cell
population (Figure 2C). For example, in experiment 1,
before transfer, the NP205-specific response was 7% of
the total LCMV-specific response to five epitopes. This
proportion of the NP205-specific T cell population was
increased in all four recipients to an average of 36 + 8%
of the total LCMV-specific response (ranged from 20% to
55%). Figure 2C depicts the data in another way, show-
ing for experiment 1 the fold increase or decrease of
epitope-specific T cells under these conditions of pooled
T cell transfers and shows that the NP205-specific T cell
response preferentially expanded. In all three experi-
ments, most of the recipients developed panniculitis (Fig-
ure 2A), indicating that donor T cells can elicit this pa-
thology. The levels of panniculitis were in general similar
among recipients, but, in each experiment, there was one
mouse that behaved quite differently from the rest of the
recipients. These experiments suggest that immune T
cells from pooled populations can induce similar levels of
panniculitis, but that occasionally other uncontrolled fac-
tors may influence this process.

The Private Specificity of the LCMV-Immune
Donor Determines the Levels of
Immunopathology Induced by V'V Infection

We next questioned whether variations in pathology
could be a function of the private specificity of the im-
mune repertoire. We did adoptive transfer studies as
above in Figure 2A, but this time pooled immune samples
were not used. Instead, pairs of recipient mice received
lymphocytes from an individual LCMV-immune donor be-



2110 Nie et al
AJP May 2010, Vol. 176, No. 5

A 4 B
5 S b :z (36) (5.2) (22) (0.2) (0.7)
3 4 .
= 8 4
B Host 1
o 31 * 6{ MHost 2
=
3 2 1 *» : Donor A
E 1 1 L J L 2 *» 0 Figure 2. Variations in panniculitis in VV-infected
o LCMV-immune mice determined by the private
0 4 -2 nature of the immune T-cell repertoire. A and C:
Exp | Exp Il Exp 2 Pooled LCMV-immune cells derived from multiple
(2.6) (35) (20) (0.5 (0.8) Ly5.1 LCMV-immune donors were transferred into
1.5 4 four or five naive Ly5.2 mice, which were exam-
C ined at day 6 of VV infection. A shows the levels of
45 11 Donor B panniculitis from three independent experiments,
(1.9) (2.6) (1.4) 0.4) (0.2) where enriched CD3+ spleen T cells were trans-
0.5 - ferred in Experiments (Exp) 1 and 2 and unfrac-
o 31 tionated spleen leukocytes were transferred in Exp
g’ qg’) 01 3, as described in Materials and Methods. C: the
_g 15 | g 05 gold changes of LCMY—Speaf{c T cell re’sr.)onses, as
© etected by peptide-induced intracellular IFN-vy as-
b} o 094 (22) (45 (250 (1.1) (0.8) say after subtracting background. The percent-
L(E 0- ° ages of donor epitope-specific responses per
w 0.6 CD8 cell before adoptive transfer in B and C are
Donor C indicated in parentheses. B and D: LCMV-im-
- 0.3 1 mune cells derived from a single donor were
NP396 GP33 GP276 NP205 GP118 transferred equally into two congenic hosts. At
BHost 1 MHost 2 WMHost 3 MHost 4 0+ day 6 of VV infection, LCMV-specific responses
0.3 4 of donor cells isolated from PEC were examined
: by intracellular cytokine assay, and the levels of
D 0.6 panniculitis were evaluated. The fold changes of
Immune donor 1 Immune donor 2 LCMV-specific responses are shown in B, which
Host 1 Host 2 Host 1 Host 2 2136 (51) (22) (0.7) (0.4) presents data from Exp 4 of Table 1. Pictures of

Donor D

-
- (4]
L "

fat-pads from two representative pairs of mice
are shown in D.

fore infection with VV. At day 6 of VV infection, the levels
of panniculitis were recorded, and the donor cell re-
sponses against LCMV epitopes were examined.

Figure 2D shows panniculitis in visceral fat pads from
two sets of donor-recipient pairs. The two recipients re-
ceiving memory cells from immune donor 1 both showed
very little panniculitis, whereas the fat pads isolated from
recipients of cells from donor 2 both showed consider-
ably higher levels of panniculitis. This type of experiment
was done four times with four to five donors per experi-
ment, and the results are displayed in Table 1, which
shows, statistically, that the two recipients from a given
donor had similar levels of panniculitis on VV challenge.
With three exceptions, all paired recipients had either
identical or very similar (=1) pathology scores. Two of the
exceptions were just two units different. To compare
whether the variation within paired recipients was signif-
icantly less than the variation between unpaired recipi-
ents within these same experiments, we used intraclass
correlation to analyze our data.’" This analysis showed
that the pathology in the paired samples had a moderate
correlation with high significance (coefficient = 0.6; P =
0.002), indicating that the severity of VV-induced pannic-
ulitis in LCMV-immune mice was determined by the pri-
vate specificity of the donor T-cell repertoire. However,
because the correlation coefficient was not 1, additional

NP396 GP33 GP276 NP205 GP118

factors could be involved, as was also suggested by the
data in Figure 2A.

Our previous studies had shown that recipients receiv-
ing donor cells from the same individual LCMV-immune
donor selectively expanded LCMV-specific memory cells
with similar specificities, whereas recipients of different
LCMV-immune donors expanded LCMV memory cells
with different specificities.®® We found similar results in
this study, as shown in Figure 2, B and C. Figure 2B first
shows using the data in experiment 4 from Table 1 that
recipient pairs from the same donor usually expanded
the same epitope-specific T cell population, whether it be
an expansion of one, two, or three specificities. Second,
it shows variations in the epitope-specific T cell popula-
tions expanded, depending on the donor. In this exper-
iment, NP205-specific T cells were preferentially ex-
panded from host recipients of Donor A and C, GP33/
34, NP205, and GP118 from Donor B, and GP276,
NP205, and GP118 from Donor D. This analysis was
also done with the paired hosts in experiment 1 and 2
from Table 1, and here five out of nine mouse pairs
showed preferential expansion of GP118-specific T cell
population, two showed skewing toward NP205, and
the other two had no dramatic change in the proportion
of LCMV-specific responses.



Table 1. Two Hosts Receiving Cells from the Same Donor
Develop Similar Levels of Panniculitis
Experiment (Exp) Host 1* Host 2*

Exp 1 2 3
1 3
4 4
4 3
1 2

Exp 2F 2 1
3 6
3 2
3 3

Exp 3 1 0
3 2
1 3
2 1
1 2

Exp 4 0 1
0 0
3 4
1 0
2 2

ICC* 0.6

P 0.002

ICC, intra-class correlation.

*Hosts 1 and 2 on the same row represent the two mice reconstituted
with immune cells derived from a single LCMV-immune donor, prior to
challenge with VV.

TPurified T-cells from individual LCMV-immune mice were used for
adoptive transfer.

*Here, the similarities of panniculitis scores of paired recipients from
a single donor were compared with scores from random unpaired
recipients within the same data set.

Discussion

Our results for the first time demonstrate that the private
specificity of an individual's immune repertoire can be a
determinant of the highly variable disease course ob-
served in genetically identical LCMV-immune mice dur-
ing VV infection. These data may provide an explanation
for some of the variations in human disease during viral
infections, in addition to the effects of genetics, physio-
logical state, and infection history. Humans are not im-
munologically naive, and we suggest that the results of a
viral infection may be greatly affected by the private
specificities of T cell repertoires induced in response to
previously acquired infections. There are several exam-
ples of human viral infections associated with both cross-
reactive T cell responses and major differences in immu-
nopathology. Dengue virus infections can range from
asymptomatic to febrile (dengue fever), to dengue hem-
orrhagic fever, and dengue shock syndrome. The major-
ity of the cases of dengue hemorrhagic fever/dengue
shock syndrome is associated with secondary infection
by a different dengue serotype,’®'® and cross-reactive
CD8 T cells are found between the different sero-
types.'° 1 Although other models for pathogenesis in this
system have been proposed, including antibody-depen-
dent immune enhancement, the selective expansion of
cross-reactive T cells with low binding affinity for the
current serotype from the unique memory T cell pool of an
individual may result in an inefficient immune response, '°
leading to the progression to severe forms of disease.®
Because only a small number of patients with secondary
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infection experience dengue hemorrhagic fever/dengue
shock syndrome, the private specificities of the immune
repertoires could be regulating these differences in
severity. 577

HCV infections can also induce extremely different
outcomes among individuals, varying from asymptom-
atic to severe illness. A study of eight HCV-infected
patients showed that fulminant hepatitis in a subset of
patients was associated with a robust and narrowly
focused CD8 T cell response cross-reactive against an
HLA-A2.1-restricted HCV immunodominant epitope
NS3,4-5_1081 and an IAV epitope NA,z 559 This fo-
cused response was absent in other HLA-A2.1 pa-
tients, which had undoubtedly been exposed to 1AV
but instead developed a very diverse T cell response
and had only mild disease.® These data are consistent
with our finding that the immunopathology and cross-
reactivity are controlled by the private specificities of
the memory T cell repertoire of the host. Similar exam-
ples are also seen in EBV-infected patients. The patho-
genesis of EBV-associated mononucleosis is also
highly variable and associated with T-cells cross-reac-
tive between EBV and IAV.®

A highly diverse T cell response may be superior to a
narrowly focused response in clearing an infection with
limited immunopathology. Some narrowly focused re-
sponses, which vary from host to host, may do more harm
than good by not being effective at combating the patho-
gen while preventing the generation of more effective and
diverse T cell responses by immunodominance mecha-
nisms. We show here that when mice were adoptively
reconstituted with pooled LCMV memory T cells from
multiple donors, most of the mice (11 out of 14) devel-
oped levels of panniculitis at the low end (Figure 2A).
However, when mice were reconstituted with memory
cells from single LCMV-immune donors, about 40% (15
out of 38) of the mice showed panniculitis at level 3 or
higher (Table 1). Compared with a single memory T cell
pool, the pooled LCMV memory T cell population would
be more diverse, and the hosts receiving this broader T
cell receptor (TCR) repertoire might have had a better
chance at getting a high affinity protective cross-reactive
response. Lower affinity cross-reactive responses may
be poorer at rapidly clearing viruses and more likely to
cause collateral damage to the fat by producing inflam-
matory cytokines such as IFN-y. In a total of 106 VV-
challenged LCMV-immune mice (without adoptive
transfer), higher levels of pathology were seen when
the dominant response was to GP118 (mean, 3.6 *
0.4) than to GP33/34 (mean, 1.9 = 0.5; P = 0.004) or
NP205 (mean, 2.2 = 0.4; P = 0.015). Future studies will
investigate whether GP118-specific T cells are more
capable of stimulating panniculitis. Thus, highly
skewed or focused T cell responses may be danger-
ous, and, under conditions of heterologous immunity
may commonly be produced with extreme variations
among individuals, due to the private specificities of
their immune repertoires. These issues should be care-
fully considered in the engineering of T cell vaccines.'®
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