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There is considerable evidence for genetic control of resistance to infections by
bacteria, viruses, and protozoa (1). One class of genes confers resistance by nonim-
munological mechanisms. Notable examples are the Duffy and Mx genes, which affect
resistance to Plasmodium vivax and influenza virus, respectively (2, 3). A second class
of genes that may confer resistance by immunological mechanisms has been inferred
from the responses of inbred mice to a variety of infectious agents (1). However,
with the exception of loci in the MHC (1), the relevant genes and their products
have escaped molecular definition. We have approached this problem by molecular
cloning and analysis of genes that map to loci involved in regulation of immune
responses. This approach led previously to the description of the regulatory protein
T lymphocyte 1 (Rpt-1)! gene, which encodes an intranuclear protein that inhibits
expression of the human HIV-1 in T cells (4).

In this report, we describe a murine cDNA, designated early T lymphocyte acti-
vation 1 (Eta-1), which maps to a locus that confers genetic resistance to infection
by bacteria responsible for human scrub typhus (5). The Eta-I gene encodes a very
acidic secreted protein that has structural features associated with binding to cell
adhesion receptors. Studies of the cellular expression of Eta-I suggest that it marks
arapid T cell-dependent response to bacterial infection that may be associated with
host resistance.
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Materials and Methods

Mice and DNA Samples.  All inbred mouse strains listed in Table II were obtained from
colonies at the National Institutes of Health, Bethesda, MD, the Jackson Laboratory, Bar
Harbor, ME, or the Netherlands Cancer Institute. (CBA/] x C57BL/6)F; nu/nu mice and
cuthymic littermates were kindly provided by Dr. H. H. Wortis, Tufts University School of
Medicine, Boston, MA. DNA samples from BXH recombinant inbred strains were purchased
from the Jackson Laboratory and the CXS recombinant inbred strains were a gift from Dr.
J. Hilgers, Academisch Kiekenhuis Vrige Universiteit, Amsterdam.

Cloned T Cells and Lymphocyte Subpopulations. Enrichment of T cells was obtained after pas-
sage of spleen cells through nylon wool columns (6), and depletion of T cells was obtained
using anti-Thy-1, anti-Ly-1, and Ly-2 antibody with a source of rabbit complement as de-
scribed previously (7). The derivation, characterization, and maintenance of the T cell clones
used in this report have been described previously (7-9). Briefly, C1.Ly1T1, Cl.Lyl-N5, and
Cl.Ly1-S1 are Th cell clones, and C1.NK-11 is an NK cell clone. Cells were considered to
be in the resting state when they ceased to proliferate in response to conditioned medium
2-4 wk after antigenic stimulation.

Production of a T Cell-specific cDNA Probe and Library. 'The cDNA library was constructed
as described previously (4). Briefly, poly(A)* RNA from C1.Ly!-T1 (22 h after activation)
was used to prepare a cDNA library of 3.8 x 10° clones in the pcD vector (10). A size-selected
sublibrary of ~9,800 clones (inserts from 0.5 to 20 kb) was sparsely plated onto agar plates
(11), replica plated onto nitrocellulose filters, amplified by chloramphenicol treatment, and
prepared for hybridization. Colonies hybridizing to a T cell-specific cDNA probe (4) were
further analyzed by restriction enzyme digestion, crosshybridization, and Northern blot analysis
using RNA from B cell lines, resting, and activated T cells (12). The nucleotide sequence
of the cDNA insert was determined by the procedure of Maxam and Gilbert (13) and Northern
blot analysis was performed as described (12, 15).

Southern Blot Analysis and Somatic Cell Hybridization. Genomic DNA from inbred mouse
strains was digested with Eco RV and Xba I, analyzed on agarose gels, transferred to nitrocel-
lulose filters, and hybridized to a **P-labeled, nick-translated Hae III fragment of Eta-7 cDNA
(14). Somatic cell hybrids used for chromosomal localization of Eta-I were produced by fusion
of Chinese hamster cell line E36 with murine cells (16), and DNA from these cells was digested
with Eco R, run on agarose gels, transferred to filters, and hybridized to the Hae III Eta-!
c¢DNA probe as described (16).

Transfections.  10° COS-7m6 cells (an SV40 T antigen-positive monkey kidney epithelial
cell line) per dish supplemented with 10 ml DMEM, 10% FCS were transfected with 6 pg
of plasmid DNA as described (17). Dishes were incubated at 37°C in 5% CO; for 48 h. The
media was replaced every 24 h. To obtain biosynthetically labeled supernatant fluid proteins,
after 48 h cells were incubated for 3 h in DME lacking methionine, and subsequently for
6 h with 25 pCi/ml *S-methionine. The supernatant fluids were collected and centrifuged
at 100,000 g for 60 min to remove cellular debris.

Analysis of Proteins in Supernatant Fluids of Transfected COS-7m6 Cells. A modification of the
method of O’Farrel (18) was used to allow high resolution of biosynthetically labeled proteins
in unfractionated COS-7m6 supernatant fluids. Briefly, 1.5 x 10° cpm of 3*S-methionine-
labeled proteins were loaded onto an isoelectric focusing tube gel (pH 3-10, 1.0 x 110 mm)
from the cathodic end, and focused for 2.5 h at 400 V. The time for the nonequilibrium
pH gradient electrophoresis was reduced to 1.5-2 h from 6 h to allow resolution of acidic
proteins before size analysis. After electrophoresis in the first dimension, the gels were cut
into 10-mm slices and equilibrated for 40 min in SDS sample buffer (0.06 M Tris-HCI, pH
6.8, 2% SDS, 5% B-mercaptoethanol, 10% glycerol) before loading onto 10% SDS-PAGE,
and subjected to electrophoresis at 30 mA for 5 h. Gels were fixed and soaked in Entensify
(New England Nuclear, Boston, MA) before autoradiography with Kodak-X-AR film for 5 d.

Analysis of Eta-1 Expression In Vive. Con A (Sigma Chemical Co., St. Louis, MO) was ad-
ministered intraperitoneally (10 ug/mouse in 0.2 ml PBS). CFA (Gibco Laboratories, Grand
Island, NY) containing 500 pg/ml killed Mycobacterium bovis in mineral oil was injected in-
traperitoneally (0.2 ml/mouse). The Gilliam strain (165th passage) of Rickettsia tsutsugamushi
(RT) was propagated and titered as described (19). Mice were inoculated with 10* plaque-
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forming units (PFU) using irradiated 1.929 cells; 1 PFU is sufficient to cause lethal infection
of the Ric® mouse strain G3H/Dub (19).

cDNA probes to Eta-1 and IFN-y (Ifg) hybridized to a single species of RNA according
to Northern blot analysis (Fig. 1 and reference 4), and the levels of gene expression quanti-
tated by densitometric measurement of Northern blots were the same as levels obtained by
slot blot analysis. We used the latter technique to facilitate analysis of large numbers of samples.
Peritoneal cells from three to five mice inoculated intraperitoneally with mitogen, CFA, or
after infection with 10® LDsy U of RT were collected for each RNA sample. In experiments
using mice carrying the nu/zu mutation, mesenteric lymph node cells were combined with
peritoneal cells to obtain sufficient amounts of RNA for measurement.

After extraction of cellular RNA by the guanidine isothiocyanate method with cesium chlo-
ride modification (20), the amount of RNA in each sample was estimated by determining
its absorbance at 260 nm (ODze). 20-pg aliquots of RNA from each cellular sample were
blotted onto nitrocellulose filters using a Minifold IT slot blotter (Schleicher & Schuell, Inc.,
Keene, NH) and hybridized to **P-labeled cDNA corresponding to murine Ifg (4), Eta-1,
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). GAPDH is expressed in all cells
at levels that do not vary after cellular activation (20).

After preflashing, films were exposed and the intensity of radioactivity of the autoradio-
grams was quantitated using an Ultroscan II laser densitometer (LKB Instruments, Inc.,
Gaithersburg, MD), adjusting exposure times so that the intensity of autoradiographic signals
corresponded to the linear range of densitometric detection. To ensure that the variation in
the intensity of radioactive signals among different samples was independent of the fragment
of cDNA probe used for hybridization, two fragments were separately used for Eta-1: an Xho
I fragment containing the whole cDNA insert and an Hae III fragment spanning the 3’ coding
region (Fig. 2 4).

To ensure that comparisons of Eta-1 and Ifg RNA levels in different cellular samples were
based upon the same amount of RNA in each sample, the area under the densitometric peak
for Eta-1 and Ifg for each cellular RNA sample was divided by the area under the GAPDH
densitometric peak for the same cellular RNA sample. The ratios of test RNA to GAPDH
RNA for each cellular sample are referred to as relative densitometric units (RDU) in the text.

Results

We derived a cDNA library (3.8 x 10°) from an activated T cell clone (C1.Lyl-
T1). About 10* colonies from this cDNA library were screened using a T cell cDNA
probe from which B cell and fibroblast messages had been subtracted. After removal
of colonies that hybridized with cDNA representing known lymphokines (e.g., IL-2,
IL-3, IFN-v), analysis of the remaining colonies (~400) showed that ~60 contained
the same insert according to crosshybridization and restriction digest analysis, and
accounted for ~3.0% of the inserts in the activated T cell cDNA library.

The Xho I fragment corresponding to the abundant cDNA insert, designated Eta-1,
was used as a probe for Northern analysis of the corresponding mRNA in different
cell types (Fig. 1 4). Steady-state levels of Eta-1 mRNA were very low or undetect-
able in unstimulated Th clones (Fig. 1 4, lanes 2 and ¢) and increased substantially
within 18 h after activation by Con A (Fig. 1 4, lanes b and d). Similar results were
seen with the Thy-1"Ly-2"Ly-4~ clone NK-11 (Fig. 1 A4, lanes ¢ and f). By contrast,
no hybridization was detected to poly(A)* RNA from the mast cell clone MC-9 in
the presence or absence of Con A (Fig. 1 4, lanes g and #), from the murine B cell
tumor 2PK3 (Fig. 1 4,lane ) or, using the hybridization conditions described, from
PHA-stimulated human peripheral blood lymphocytes (Fig. 1 4, lane j).

We asked if Eta-1 was expressed in vivo or whether its rapid induction after activa-
tion was a special feature of lymphocytes after long term in vitro growth. Spleen,
thymus (Fig. 1 B), lymph node, and peritoneal cells from adult mice (latter two not
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Figure 1. Northern analysis of Eta-I expression. (4) A 32P-labeled 1.7-kb Xho I fragment con-
taining the Eta-I cDNA insert from the pcD vector was hybridized to filters containing 5 ug of
poly(A)* RNA (see Materials and Methods) from the following cells: (a) C1.Ly1-N35 (T, clone);
() CL.Lyl-N5 + Con A; (¢) CL.Ly1-81 (T, clone); (d) C1.Ly1-S1 + Con A; (¢) NK-11 (Thy-1*
NK clone); (f) NK-11 + Con A; (g MC.9 (mast cell clone); (£) MC.9 + Con A; (:)2PK3 - B
cell line; () human PBL + PHA. The RNA markers are indicated on the right and they cor-
respond to 6, 1.765, 1.426, and 0.92 kb. (B) Overexposed Northern blot of 5 pg of poly(A)* RNA
from: (a) C1.Lyl-T1 (T, clone) + Con A; (b) thymocytes (from 10-wk-old C57BL/6 mice); (c)
spleen cells (from 10-wk-old C57BL/6 mice).

shown) did not contain detectable levels of Eta-] RNA. However, cells from mice
inoculated with an oil emulsion of killed Mycobacterium bovis (CFA) (Fig. 2 A) or the
T cell mitogen Con A (Fig. 2 B) expressed substantial levels of Eta-I RNA within
24 h after stimulation.

Structure of Eta-1 cDNA and Predicted Eta-1 Protein.  Fig. 3 shows the restriction pat-
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Ficure 3. (A4) Restriction endonuclease cleavage map of the cDNA insert of pcD-Eta-1. The
coding region (ORF) is shaded in black. The arrows indicate the extent of sequencing done starting
at the restriction sites indicated. Potential polyadenylation sites are denoted with the letter 4.
(B) Nucleotide and predicted amino acid sequence of Efa-1. The sequenced cDNA of 1,569 bp
is shown. An open reading frame of 882 nucleotides (294 amino acids) is followed by a 3’ non-
coding sequence that contains two potential polyadenylation sites, which are underlined. (C)
Hydrophilicity plot of the predicted eta-I protein. A hydrophilicity plot for Eta-1 was obtained
using the algorithm of Hopp and Woods (24). Above the main line are predicted hydrophilic
regions and below it are hydrophobic regions. The location of the different subsequences dis-
cussed in the text are indicated. Potential glycosylation sites are indicated by closed and open
circles (O- and N-linked, respectively). The leader sequences of murine eta-1 (E), human (hTR),
and chicken (¢TR) transferrin are shown at the left. Two potential Ca?* binding sites in eta-1
(E) (positions 85-94 and 200~207) are compared with potential Ca** binding sites from throm-
bospondin (T) (718-727 and 769-776). The RGD-containing subsequence in eta-1 (143-149) is
compared with that of fibronectin (F).
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tern and sequence of the full-length Eta-I cDNA insert. The sequenced cDNA of
1,569 bp contained an open reading frame of 882 nucleotides (position 268-1149)
that encodes a putative polypeptide with a predicted molecular mass of 32,462 daltons
(Fig. 3, B and C). The first methionine in this open reading frame (positions 223-225)
fits the consensus for eukaryotic translation initiation signals (21). The 3' noncoding
sequence in the cDNA contains two potential polyadenylation signals (underlined
in Fig. 3 B) and lacks the consensus sequence “I'TATTTAT” present in the mRNAs
that encode other defined T cell lymphokines (22, 23).

The product of the open reading frame in the sequenced Eta-I cDNA is extremely
hydrophilic (24) and displays several features of a secreted protein. It has a hydro-
phobic leader sequence that is similar to that of human and chicken transferrin (25)
(Fig. 3 C). Theleader sequence probably ends at the Ser residue at position 16 (-3,~1
rule and von Heijne’s algorithm) (26, 27) almost at the transition from the NHo-
terminal hydrophobic sequence to a hydrophilic segment of the molecule (Fig. 3,
B and C). The last four amino acid residues of the putative eta-1 leader sequence
are similar to those in the IL-7 leader (28, 29) (Fig. 3 (). Eta-1 lacks an obvious
membrane anchoring region (30). One potential N-linked glycosylation site (N-X-S
or N-XT) is present at position 78-80 (Fig. 3 C, open circle). There are also two tripep-
tides with the sequence S-X-P and 20 with the sequence S-X-E, which could serve
as O-linked glycosylation sites (Fig. 3 C, closed circles). Eta-1 is unusually rich in aspartic
and glutamic acid residues (22% D + E) and it has a predicted pl of 4.18.

The tripeptide sequence Arginine-Glycine-Aspartate (RGD) is present in eta-1
(Fig. 3, B and C). The RGD motif, although not unique, forms a critical part of
the cellular binding site on a family of extracellular proteins that are involved in
cell migration and interaction (31). The family includes fibronectin, fibrinogen, parv-
albumin, thrombospondin, and vitronectin. The RGD tripeptide in eta-1 is located
at residues 144-146 and is present within a longer subsequence that is highly similar
to that surrounding the RGD motif in fibronectin (Fig. 3 C). Moreover, the RGD-
containing subsequence of eta-1 contains the amino acid residues required for for-
mation of two closely spaced 8 bends that determine the highly ordered structure
associated with functional binding to cellular adhesion receptors (32).

There are two negatively charged stretches in eta-1 (positions 85-96 and 200-207)
that are similar to subsequences in thrombospondin and are probably involved in
calcium binding (Fig. 3 C and reference 33). These two subsequences are likely to
constitute E-F hand calcium binding sites since most, if not all, vertex positions are
occupied by aspartic acid residues (34). Calcium binding in thrombospondin has
been shown to cause structural changes that may affect the specificity of binding
of the adjacent RGD motif (see reference 32 for review).

Expression of Recombinant Eta-1 Protesn in Mammalian Cells. To confirm that Eta-I
c¢DNA is functional and that its product is secreted, COS-7mb6 cells were transfected
with either the pcD vector containing a full-length Efa-7 cDNA insert (pcD-Eta-1)
or the pcD vector alone (see Materials and Methods). The pcD vector includes the
SV40 early enhancer-promoter region and polyadenylation signals. Poly(A)" RNA
from COS-7mb6 cells was obtained at 48 h after transfection and analyzed by Northern
blot using radiolabeled Eta-7 cDNA as probe (Fig. 4 4). The probe hybridized with
a 2.2-kb RNA from COS-7m6 cells transfected with pcD-Eta-1 (Fig. 4 4, lane q)
that corresponds to the expected size plus SV40 sequences. No hybridization to the
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Ficure 4. Northern and protein analysis of COS-7m6 cells transfected with pcD-Eta-1 or pcD
alone. (4) Northern blot analysis of poly(A)* RNA obtained from COS-7m6 cells 72 h after trans-
fection with pcD-Eta-1 (lane a) or with pcD alone (lane 6). 5 ug of poly(A)* RNA was tested
for Eta-1 transcription using the nick-translated Xho I fragment as a probe (shown in Fig. 3 4).
Hybridization (lane a) to a 2.2-kb RNA corresponds to the expected size of the cDNA insert
(1.55 kb) plus SV40 sequences (0.5 kb) plus poly(A) (0.15 kb). (B) cDNA transcription increased
rapidly between 48 and 72 h and decreased substantially by 96 h. This is shown by the blot anal-
ysis using the Xho I fragment as probe for total COS-7m6 cell RNA. (a) 72 h after transfection
with pcD-Eta-1; (b) pcD vector without cDNA insert at 72 h; (¢) pcD vector without insert at
80 h; (d) 80 h after transfection with pcD-Eta-1; and (¢) 96 h after transfection with pcD-Era-1.
(C) Superantant fluid proteins from **S-methionine-labeled COS-7mS6 cells that had been trans-
fected with pcD-Eta-1 (COS-E*) or pcD alone (COS-E~) were analyzed by electrophoresis in
two dimensions using a modification of O’Farrell (18) (see Materials and Methods). pl scale was
determined by using the following standard proteins: aminoglucosidase (pH 3.55), B-lactoglobulin
A (pH 5.13), and myoglobin (pH 6.76 and 7.16). The protein patterns are virtually identical ex-
cept for a diffuse band having a size of ~60 kd and a pl of ~4.5 (denoted with arrow).

151
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E'ta-1 probe was detectable in RNA from COS-7m6 cells transfected with pcD vector
alone (Fig. 4 A, lane 4). Analysis of Eta-I transcription at intervals after COS cell
transfection showed that maximal steady state levels of Eta-] RNA were present be-
tween 48 and 72 h after transfection (Fig. 4 B).

Two-dimensional gel electrophoresis analysis of supernatant fluids from %S meta-
bolically labeled COS-7m6 cells that had been transfected with pcD-Eta-1 (desig-
nated as COS-E*) or with pcD (COS-E™) showed identical protein patterns, except
for the presence in COS-E* of a diffuse band corresponding to a molecular mass
of ~60 kD and a pl of ~4.5 (Fig. 4 C). Measurement of **S cpm after extraction
of each of the labeled bands from the gel indicated that the 60 kD/pI 4.5 band ac-
counted for ~5% of the total biosynthetically labeled protein in the supernatant fluid.
Although the molecule migrated as a highly acidic protein, as expected from the
predicted amino acid sequence of Eta-I cDNA, its size was larger than expected.
Three independent experiments confirmed that COS-E* (but not COS-E ") super-
natant fluids contained a diffuse band having a pI of 4-4.5 and an estimated size
of 55-60 kD (not shown). Since the secreted form of the eta-1 protein lacks cysteine
residues (Fig. 3 B), its position on the polyacrylamide gel is not altered by cleavage
of disulfide bonds. Expression of Eta- cDNA in COS-7m6 cells should be accompa-
nied by correct glycosylation. Possibly, the size of the molecule may reflect the effects
of glycosylation at the sites indicated in Fig. 3 C, consistent with the charge hetero-
geneity evident after isoelectric focusing (Fig. 4 C). Further analysis of the protein
and carbohydrate structure of this molecule is necessary for direct determination
of its correspondence to the protein product predicted from the Eta-7 cDNA sequence
(Fig. 3).

Allelic Forms of Eta-1 and Linkage to the Ric Locus. 'To determine whether the Fta-I
gene maps to any of the loci that are thought to affect immune responses, we deter-
mined the chromosomal location of the Eta-I gene using DNA from a panel of 20
mouse/hamster somatic cell hybrids. After digestion with Eco RI, a mouse-specific
6.8-kb fragment that hybridized to the radiolabeled Eta-I probe was either present
or absent with chromosome 5 (Table I).

Digestion of DNAs from a variety of inbred strains with Eco RV (not shown) or
with the combination of Eco RV and Xba I (Fig. 5) generated RFLPs that identified
two Eta-I gene alleles (Eta-I1* and Eta-1°) in the parental strains of the BXH and
CXS series of recombinant inbred (RI) strains. Analyses of 12 BXH and 14 CXS
RI strains showed complete concordance for segregation of Eta-I RFLPs and alleles
at Ric (5), a locus conferring inborn resistance of mice to lethal infection with RT
(Table IT1). Among the CXS RI strains, there was also complete concordance for
Eta-1 RFLPs and alleles at the Afp, Bed-1, and Dao-1 loci, which are all linked to
the Ric locus. Additional studies of C57BL/6Ty-/e mice were informative in placing
Eta-1 proximal to the rd locus in linkage with Ric (Table II). These results demon-
strated that the Efa-I gene maps to chromosome 5 between the Pgm-I and rd loci,
and 0-4 ¢cM from the Ric locus with a confidence limit of 95% (35).

Inbred mouse strains are either very resistant (Ric®) or very susceptible (Ric) to
RT infection (5, 36). We asked if there was an association between expression of
the two RFLPs representing Eta-1? and Eta-I® and the two alternative phenotypes
of Ric. With one exception, expression of Eta-1* was associated with the Ric® pheno-
type, while expression of Eta-1® was associated with the Ric® phenotype (Table III).
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TasLe I
Analysis of Concordance between Specific Mouse Chromosomes and the Presence
of the Eta-1 Gene in a Series of Mouse-Hamster Somatic Cell Hybrids

DNA hybridization/chromosome*

Mouse Percent
chromosome +/+ -/~ +/ - -/+ discordance
1 1 4 2 9 68.8
2 2 5 1 9 58.8
3 0 7 2 6 53.3
4 1 10 2 4 35.3
5 3 13 0 0 0.0
6 1 5 2 9 64.7
7 2 2 1 12 76.5
8 1 9 2 4 37.5
9 1 9 1 5 37.5
10 0 12 3 2 29.4
11 0 9 2 0 18.2
12 1 2 1 8 75.0
13 1 5 1 8 60.0
14 0 i1 3 3 35.3
15 1 0 1 10 91.7
16 1 10 1 3 26.7
17 2 3 1 11 70.6
18 2 8 1 5 37.5
19 1 8 2 5 43.8
20 1 6 2 8 58.8

* Symbols indicate the presence (+/) or absence ( - /) of the mouse Eta-I re-
striction fragment as related to the presence (/ + ) of absence (/ — ) of a partic-
ular mouse chromosome. The number of discordant observations is the sum
of the +/- and -/+ observations.

98— = «— 9.6

Ficure 5.  Southern blot analysis of £ta-1 RFLP. Genomic DNA
from C57BL/6 mice (lane 1) and C3H/He] (lane 2) was digested
55 o . with Eco RV and Xba I, separated on agarose gels, transferred
«—49 ¢t nitrocellulose, and hybridized with 32p.labeled Eta-! cDNA. In-
bred strains with RFLPs (Eta-1%) like G57BL/6 included BALB/(J,
BALB/cPt, BALB/cHeA, C57BL/10Sn], CBA/CaJ, CBA/CaH-T6],
AKR/A, 020/A, DBA/2N, DBA/2], A/], 129/], PL/J, SWR/J, P/],
and NZB/BIN]. Strains with patterns (Eta-1°) like C3H/He]J in-
cluded CBA/J, C3H/HeN, STYA, NFS/N, and SJL/J.

21— &
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TasLe 11
Inheritance of Eta-1 RFLP in the BxH and CxS Recombinant Inbred Mouse
Strains and in the Chromosome 5 Mutant-bearing Stock C57BL/6Ty-le

BxH

Locus 2 3 4 6 7 8 9 10 11 12 14 19
Pgm-1 H H H B H H B B B H H
X

Eta-1 H H H H H H B H H

Ric H H H H H H B H H

rd H H H H H H B H H

x x X x
Gus B H H B B H H H B B B H
CxS
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Pgm-1 S s § 8§ ¢ ¢ € Cc s C ¢ ¢ c ¢
x X x X x

Afp s § ¢ 8 ¢ € CcC 8 € ¢ s s cCc ¢
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Strain Pgm-1 Eta-1 Ric rd le Gus

C57BL/6]J Ty-le B B B x H H H

The letters B, H, S, and C are used as generic symbols for the Eta-I RFLP of
C57BL/6, C3H/He], STS/A, and BALB/cHeA, respectively. The letter x indi-
cates recombination.

Kinetics of Expression of Eta-1 in Mice after Infection with Ricketisia and Dependence on
T Cells. Inbred mouse strains that carry the Ric® (resistant) allele suppress local
growth of RT after intraperitoneal inoculation, while Ric® (susceptible) strains fail
to suppress intraperitoneal growth and die from widespread infection within 10-14
d (5, 36). In view of the association of the Eta-I1* RFLP with the Ric® allele and
the Eta-1°® RFLP with RicS, we determined the levels of Eta-I gene expression in-
fected with RT. CBA/CaJ and CBA/]J are genetically similar substrains that differ
at both Ric and Eta-1: CBA/Ca] is RicR/Eta-1* and CBA/] is Ric%/Eta-1° (Table 11
and reference 5). Eta-1 gene expression in peritoneal cells increased within 24 h of
intraperitoneal RT infection of CBA/CaJ] mice and remained elevated over the next
6 d (Fig. 6). Peritoneal cells obtained from CBA/CaJ mice 5 d after RT infection
contained 0-1 RT bacterium/cell. In contrast, peritoneal cells from infected CBA/]
mice did not express significant levels of Eta-1 for the first 4 d after RT infection
(Fig. 6) and peritoneal cells obtained from these mice 5 d after infection contained
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TasLe III

Eta-1 Alleles and Ric Phenotypes of Different Inbred Mouse Strains
Eta-1%/RicR Eta-1%/Ric® Eta-1%/RicS Eta-1b/RicR
AKR/J DBA/2J CBA/J -
BALB/c] C3H/He]
CBA/Ca] SJL/J
CBA/CaH-T6] STS/A
C57BL/6]
C57BL/10]
P/J
PL/]
SWR/J

The Ric phenotypes of these inbred strains are from reference 5, except for
CBA/Ca], which was determined in this study, and STS/A (J. Hilgers, personal
communication). A/] mice, which show an intermediate response (“selective
resistance”) (36), are Eta-1%. A contingency test (x> with Yates correction) used
to assess the association of Eta-1* and Eta-1” alleles with the RicR and Ric® pheno-
types, respectively, showed that this association was significant (p < 0.05, x2 =
4.48) for the independently derived mouse strains listed in the table.

>50 RT bacterium/cell. Failure to express Eta-I° early after RT infection of CBA/]
mice does not reflect a generalized failure to express this Eta-I allele because inocu-
lation of these mice with Con A resulted in strong induction of Eta-/ within 24 h
(Fig. 7 4).

Since IFN-y has been implicated as an important mediator of host resistance to
Rickettsial infection (37, 38), we measured in situ transcription of this cytokine after

0 cBA/CaJ CBA/J
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Ficure 6. Eta-1 and Ifg gene expression after RT infection of CBA/CaJ and CBA/J mice. 10°
PFU of RT were inoculated intraperitoneally into CBA/Ca] (left panel) or CBA/] mice (right panel).
The levels of steady state Eta-1 (@) or Ifg (O) RNAs expressed in peritoneal cells at the indicated
days after RT infection are shown. The hatched area indicates the mean +/- 2 SE of Fta-1 and
Ife RDU of RNA in peritoneal cells from mice injected with saline. Efa-/ was also elevated 3
d after RT infection of CBA/CaH-T6] mice (RicR/Eta-17), at levels similar to that of CBA/Ca]
(RDU = 3.80).
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of A B

5 - Figure 7. (4) The levels of steady state Eta-I
( RNA in peritoneal cells in CBA/] (@) and
CBA/CaJ (O) are shown at different intervals after
intraperitoneal injection of Con A (10 pg/mouse).
(B) The levels of steady state Eta-] RNA (or-
dinate) in peritoneal cells 72 h after RT infection
(10° PFU/mouse) are shown for (a) (CBA/] x
C57BL/6)F; [(C x B6)F,] euthymic mice, (5) (C
x B6)F-nu/nu littermates, (¢) (C x B6)F;-nu/nu
mice receiving 1.5 x 107 syngeneic splenic T
cells intraperitoneally immediately before RT in-
fection, (d) (C x B6)F-nu/nu mice receiving 1.5
x 107 syngeneic splenic Thy-1- cells intraperi-
toneally immediately before RT infection.

Relative Densitometric Units

i 2 3 4 5
Days After Stimulation

infection of the two CBA substrains. Peritoneal cells from CBA/CaJ and CBA/] mice
did not express elevated levels of mRNA until 5-7 d after infection; the increase
at this time was similar in the two mouse strains (Fig. 6).

Expression of Eta-I after T cell activation (Fig. 1) and previous studies suggesting
that T cells were required for resistance to RT infection (39) prompted us to deter-
mine whether Eta-! induction early after RT infection depended upon T cells.
(C57BL/6 x CBA/J)F; mice (RicR’S; Eta-1¥®) expressed Eta-1 48 h after RT infec-
tion, consistent with the dominant effects of the Ric® allele in conferring resistance
to RT infection (Fig. 7 B, and reference 5). Littermates of these Fi mice that were
homozygous nu/nu did not express significant levels of Eta-1 48 h after RT infection

unless they had received T cells from syngeneic donors immediately before infection
(Fig. 7 B).

Discussion

Early protection against bacterial infection is generally thought to depend on a
nonspecific host response that includes production of acute phase proteins such as
complement and CRP, as well as a nonspecific reaction of macrophages and granu-
locytes (1). Subsequent protection comes from the development of a specific immune
response that usually depends on T cells (1). This division of labor does not easily
account for the host response to RT, a Gram-negative intracellular bacterium that
is the etiologic agent of human scrub typhus (5). This model of bacterial infection
has been studied extensively because resistance to the lethal effects of acute infection
is under unigenic dominant control by the Ric locus (5). Susceptible mouse strains
(Ric®) allow local and systemic bacterial growth during the first week of RT infec-
tion and die within 10-12 d. By contrast, RicR strains show minimal levels of bac-
terial infection over the first week and survive infection (37, 40). Although Ric affects
early resistance to RT infection, mice bearing the Ric® genotype are converted to
the Ric® phenotype if T cell development is genetically impaired by the nu muta-
tion (39, 41). An explanation for these observations is provided by analysis of the
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Eta-1 gene, which maps to the Ric locus. We find that Eta-I expression is part of
a surprisingly early T-dependent response after RT infection of RicR but not Ric®
hosts.

We detected Eta-1 gene expression in activated lymphocytes, including T cells and
a subset of NK cells. We have provisionally designated the gene described in these
studies as Efa-I based upon its cellular expression in vitro and its rapid induction
after RT infection in vivo. The expression of Eta-1 by T lymphocytes and observa-
tions suggesting that it encodes a secreted product fit the definition of lymphokines
and suggest that it might be given an IL prefix. However, further studies are re-
quired to determine the effect of Eta-1 on other lymphocytes and target cells un-
related to leukocytes. In addition, a comprehensive survey of RNA from different
cell types using subprobes of Eta-/ and S nuclease mapping is required to com-
pletely define its cellular expression and identify potential homologous transcripts.
For example, osteopontin is a bone sialoprotein that contains an RGD subsequence
and is highly homologous to eta-1 (42, 43). No immunological activity for osteopontin
has been shown, and osteopontin is reported to be present in bone, kidney, placenta,
and certain neuronal cells (44). Osteopontin contains two additional repeats of a
subsequence that is present only once in eta-1, and contains a pentapeptide, YKQRA,
absent from eta-1; there are a total of 43 encoded amino acid residues that differ
between eta-1 and osteopontin, out of which, 28 are nonconservative substitutions.
Eta-1 shows no obvious similarity with either a recently described family of genes
that may encode secreted, inducible leukocyte products (45) or with known antibac-
terial peptides, including attacins, cecropins, diptericins, defensins, or macrophage
antibacterial products (46, 47).

Although mapping studies show complete concordance of Eta-I RFLP with Ric,
it is not possible to formally demonstrate identity from coincident mapping. Addi-
tional evidence on this point comes from a survey of Eta-1 alleles expressed by in-
dependently derived inbred mouse strains. Expression of the Eta-1* allele was as-
sociated with the Ric® phenotype, and expression of Eta-I® was associated with the
Ric® phenotype (Table III). Independent segregation would be expected if Ric and
E'ta-1 were closely linked but separate genes. These findings, along with its location,
suggest that Eta-I may be the gene postulated from studies of the Ric locus. Direct
evidence for the potential role of the Eta-I gene product in resistance to RT should
come from the ability to transfer RT resistance by provision of recombinant eta-1
protein to genetically susceptible mouse strains.

We have so far been unable to detect additional RFLPs of the Efa-I gene using
different restriction endonucleases. However, if the Efa-1 gene confers resistance to
RT infection, a third functional allele must be carried by DBA/2, which represents
an RicS strain that does not express Eta-1° (Table III). Additional characterization
of the structure and expression of the DBA/2 Eta-I gene is necessary to test this hy-
pothesis.

We used a pair of genetically similar CBA substrains (~85-90% identical outside
of Ric according to genetic marker analysis [48]) to study in situ expression of Efa-/
during the course of RT infection. CBA/CaJ mice (Eta-1?/RicR), but not CBA/]
(Eta-I°/RicS), expressed high levels of Eta-1 throughout the first week of bacterial
infection and showed minimal levels of intraperitoneal infection. These findings suggest
that this form of genetic resistance may be associated with a rapid Eta-7 response
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and inhibition of early bacterial replication. Additional studies are needed to deter-
mine whether levels of eta-1 protein produced after RT infection correlate with ex-
pression at the RNA level.

The genetic mechanism resulting in differential transcriptional activation of the
alleles of Eta-1 after RT infection is not addressed in this report. Possibly, the Eta-1°
polymorphism affects an inducible segment of the gene, resulting in decreased levels
of transcriptional activity after cellular activation by Rickettsia, similar to the effects
of a polymorphism of the alcohol dehydrogenase gene on constitutive levels of cel-
lular transcription (49). Alternatively, the genetic alteration in Eta-1® may be a mu-
tation or deletion affecting the activity of the eta-1 protein and the levels of Eta-1
gene expression after RT infection noted in this study might reflect genetic differ-
ences outside of the Eta-I locus. For example, these CBA substrains also differ at
Mis-1 and Mis-2 (50). One effect of this difference is that CBA/J, but not CBA/Ca],
mice lack a substantial population of T cells that express particular V-8 chains (51).
We are examining the specificity of the T cell response to RT, as well as the possi-
bility that clonal deletion within the T cell repertoire of CBA/] mice affects the early
Eta-1 response to RT.

Although early resistance to bacterial infection has generally been attributed to
nonspecific host mechanisms, there is increasing evidence that large number of T
cells may be predisposed to recognize antigens expressed by some bacteria (52, 53),
suggesting the possibility that infection by these bacteria might mobilize rapid and
vigorous T cell responses in vivo. This appears to be the case for RT, although the
mechanism of T cell activation by this bacterium is not well understood. It may be
relevant that, in contrast to Eta-1, induction of Ifg is not apparent until 5-7 d after
infection by RT. More sensitive methods may be required to detect an earlier increase
in steady-state Ife RNA. However, these data suggest that Eta-I expression may pre-
cede the induction of classical T cell genes in the response to this bacterial infection.
Further insight into the role of this rapid T cell response in protection against bac-
terial infection, and its relationship to the development of classical forms of T cell
immunity, should come from studies of the biological activity of the eta-1 protein.

Summary

We describe a murine cDNA, designated Early T lymphocyte activation 1 (ETA-1),
which is abundantly expressed after activation of T cells. Eta-I encodes a highly acidic
secreted product having structural features of proteins that bind to cellular adhesion
receptors. The Eta-I gene maps to alocus on murine chromosome 5 termed Ric that
confers resistance to infection by Ricketisia tsutsugamushi (RT), an obligate intracel-
lular bacterium that is the etiological agent for human scrub typhus. With one ex-
ception, inbred mouse strains that expressed the Eza-1* allele were resistant to RT
infection (RicR), and inbred strains expressing the Efa-1® allele were susceptible
(RicS). These findings suggest that Eta-I is the gene inferred from previous studies
of the Rt locus (5).

Genetic resistance to RT infection is associated with a strong Eta-I response in
vivo and inhibition of early bacterial replication. Efa-I gene expression appears to
be part of a surprisingly rapid T cell-dependent response to bacterial infection that
may precede classical forms of T cell-dependent immunity.

Received for publication 22 March 1989.
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