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The central question is whether T cells that develop in the context of one set
of H-2 specificities can ever be induced to recognize neoantigen presented on an
H-2-different cell. Valuable insights are provided by recent experiments with
chimeras, generated by reconstituting lethally irradiated parental mice of H-2
type A with A x B F, bone marrow cells. The resultant T-cell populations are
phenotypically A x B, but can only be induced to recognize minor histocompat-
ibility antigen (or virus) associated with A but not with B (1, 2). This effect
seems to be mediated via radiation-resistant cells in the A thymus (2, 3). Such
chimeras are apparently tolerant to both A and B in the sense of alloreactivity,
but are only able to recognize neoantigen in the context of A. What, however, is
the situation if B is not encountered at any stage during physiological differen-
tiation? Can T cells reactive to B+ virus then be generated?

This question can only be examined rigorously in the absence of alloreactive
T cells. The procedure used here is to filter either immunologically naive or
virus-immune A lymphocytes through uninfected, irradiated (950 rads) A x BF,
recipients (4, 5). Thoracic duct populations from these mice, which are depleted
of alloreactivity for B, are then transferred to a further group of irradiated A X
B F; mice and stimulated with either influenza virus or with vaccinia virus.

Materials and Methods

Mice. The CBA/J (H-2%), C57BL/6J (H-2"), CBA/J x C57BL/6JF,, A/J (H-2%), C5TBL/6J x A/
JF,, B10.A (H-2?), B10.D2 (H-29, and B10.Br (H-2¥ strains were obtained from The Jackson
Laboratory, Bar Harbor, Maine. BALB/c (H-24) mice were from the Institute for Cancer Research,
Fox Chase, Philadelphia, Pa.

Viruses. The influenza A virus strains PR8 [A/Puerto Rico/8/34 (HON1)] and NT60 [A/
Northern Territory/60/68 (H2N2)] were obtained from Dr. W. Gerhard at the Wistar Institute.
HK (A/Hong Kong/X31 [H3N2]), a recombinant between PR8 and a Hong Kong strain that shows
antigenic characteristics of the Hong Kong virus (6), was originally supplied by Dr. R. G.
Webster, St. Jude Children’s Research Hospital, Memphis, Tenn. Virus stocks were stored frozen
as allantoic fluid containing between 1,200 and 3,000 hemagglutinating (HA)! U/ml (7). Mice
were primed intraperitoneally with a single dose at 120-300 HA U (memory mice) or stimulated

* Supported by U. S. Public Health Service grants CA-09140, AI-14162, and NS-11036, and by
grant number 851-A-4 from the National Multiple Sclerosis Society.

! Abbreviations used in this paper: H, influenza virus hemagglutinin antigen; HA, virus
hemagglutinating unit; H-2, mouse major histocompatibility complex; i.v., intravenously; M,
influenza virus matrix protein; N, influenza virus neuraminidase antigen; PFU, plaque-forming
units; T cell, thymus-derived lymphocyte; TDL, thoracic duct lymphocyte; TNP, trinitrophenyl.
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intravenously (i.v.) with a single dose of 60-150 HA U. The target cells were exposed to 6-15 HA
U of influenza virus per 10° cells.

The vaccinia virus (WR isolate) was obtained from Dr. R. Zinkernagel, Scripps Clinic and
Research Foundation, La Jolla, Calif., and was propagated in L929 cells (2). Stock virus contains
4 x 107 plaque-forming units (PFU) per milliliter. Mice were infected i.v. with 0.5 x 107 PFU.
Target cells were infected with 107 PFU per 5-10 x 10¢ cells.

Cytotoxic Assay. The assay has been described previously (8-10). Briefly, L929 fibroblasts (L
cells, C3H, H-2¥), P815 mastocytoma cells (DBA/2, H-2%), MC57G methylcholanthrene-induced
tumor (C57BL/6, H-2"), and B10.A(5R) SV40-transformed kidney fibroblasts [B10.A(5R), H-2K"-
D] were infected with virus subsequent to labeling with Na, 52CrQ,. The assays were incubated
for 12 h at 37°C, and results are expressed as mean percent-specific 5!Cr release for replicates of
three or four wells. The formula used for calculating percent specific 3'Cr release is (It — Mt) x
100/Dt — Mt, where D is detergent lysis, ¢ is the target, I is immune lymphocytes, and M is
spontaneous release for incubation in medium alone.

Negative Selection. Lymphocyte populations specifically depleted of alloreactivity to a partic-
ular major histocompatability complex haplotype were prepared according to procedures fully
described elsewhere (4). Briefly, this usually involved acute “filtration” of parental strain (A)
lymph node and spleen suspension through irradiated (950 rads) A x B F, recipients. Lymph was
then collected from the F, recipients over the period 15-36 h after injecting the parental cells.
Virtually all (98%) of the collected cells at this time have been shown previously by others (4, 5) to
be T cells.

Generation of Cytotoxic T Cells. Negatively selected lymphocytes were injected i.v. as 12.5-
20 x 10° cells per irradiated (950 rads) recipient. Nondepleted populations consisted of mixed F,
lymph node and spleen cells, which were given i.v. as a dose of 60 x 10° cells for each recipient.
All lymphocyte populations were stimulated with virus 3 h after cell transfer. Spleen cells from
the irradiated recipients were assayed 5-6 days later. Control, unirradiated mice were also
injected with virus, and spleen cells were assayed concurrently.

Results

Primary and Secondary Responses to Influenza A Viruses. A preliminary
experiment established that both normal and memory CBA/J (H-2¥) thoracic
duct lymphocyte (TDL) populations can be induced to generate a cytotoxic
response in virus-infected, irradiated CBA/J recipients (Table I). These effector
T cells show cross-reactivity for a variety of type A influenza viruses, regardless
of the virus hemagglutinin (H) and neuraminidase (N) antigen subtypes, but do
not lyse allogeneic virus-infected cells (9, 10). Furthermore, the stimulator cell
in this system is provided by the irradiated, virus-infected recipient rather than
by the transferred TDL: both TDL and spleen cells from CBA/J x C57BL/6J F,
(H-2¥") develop a virus-immune T-cell response restricted to the recipient H-2
type (Tables II and III).

Immune CBA/J (H-2¥) lymphocyte populations depleted of alloreactivity to
H-2° by passage through irradiated, uninfected CBA/J x C57BL/6J F, mice (H-
2¥/*) cannot be shown to generate influenza-specific cytotoxic T cells in the
context of the C57BL/6J (H-2°, MC57G target) haplotype (CBA s, ; Tables III
and IV). The constraint applies for both spleen and TDL from the recipients
(Tables III and IV). Furthermore, an identical restriction is found if lympho-
cytes are stimulated with the same (HK — HK, Table IV) or with a heterologous
influenza A virus (HK — PRS8, Table III).

With this model we are, theoretically, examining two separate possibilities
concurrently. The first is that there is cross-priming (11, 12) for recognition of a
shared virus component, possibly the internal matrix (M) protein of the PR8
and HK influenza viruses (13, 14), presented in the context of a different set of
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TaBLE I
Generation of 5-Day Primary and Secondary Syngeneic Cytotoxic T-Cell
Responses in 950 rads CBA/J Recipients

Percent of specific 5'Cr release*

Donor TDL# HK-infected PR8 NT60 Normal

L cell P815 L cell L cell L cell P815
%

Immune (3.0 x 107) 65 0 45 47 0 0

Normal (2.5 x 107 41 6 25 26 3 0
Controls§

Immune B10.Br (H-2%) 52 3 29 46 0 0

Immune B10.D2 (H-2¢) 1 40 8 2 2 0

Normal CBA/J (H-2%) 1 4 3 11 1 0

* Target L929 fibroblasts (L cells, H-2¥) and P815 mastocytoma cells (H-2?) were infected
with HK (H3N2), PR8 (HON1), or NT60 (H2N2) influenza viruses. Results are calculated
as percent of specific 3!Cr release relative to incubation in medium alone.

t The immune mice had been primed with PR8 influenza virus 17 days previously. CBA/J
recipients were irradiated, given TDL i.v. 24 h later, and dosed with HK virus after an
additional 3 h. Recipient spleens were assayed (25:1) on the 5th day after transfer of
lymphocytes.

§ Mice had been exposed to PR8 influenza virus 5§ wk previously and dosed i.v. with HK
virus 5 days before sampling.

TaBLE II
Stimulation Is Mediated Via the Recipient Environment Rather Than by the
Transferred TDL

Percent of specific 3'Cr release

Imnlmr.le ;iopu- Recipientt HK-infected PR8 Normal
ation

Lecell MC5'G P815 L cell Lecell MC57G
(H-2¢) (H-2®) (H-29) (H-2v) (H-2%) (H-2?)

%

3 x 107 CBA x C57F, 71 32 4 69 8 1
CBA x C57F,; CBA/J (H-2%) 72 0 3 64 4 1
TDL (H-2¥®)  B10.Br (H-2%) 47 0 2 39 4 2
Controls

Immune CBA x C57F, 86 46 16 83 2 0

Immune B10.D2 (H-2¢) 11 6 70 7 10 5

Normal CBA/J 0 5 0 8 0 0

* All mice had been inoculated i.v. with PR8 at least 1 mo previously, dosed i.v. with HK at 3 h
after cell transfer, and spleens were assayed after an additional 5 days at a ratio of 50:1.

1 C57BL mice were also used, but were very young and died from irradiation before the
experiment was completed.

H-2 determinants. The second concerns the capacity to mount a 5-day primary
response (Table I) to a newly encountered hemagglutinin (15) antigen (H3,
Table III) expressed on an H-2-different cell. Neither situation seems to occur.
However, previous studies indicate (10, 16) that a concurrent secondary response
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TabLe III
Absence of Cross-Priming for Recognition of Allogeneic Influenza-Infected Target Cells

Percent of specific 5!Cr release

Transferred Recipient HK-infected targets Normal
cells* mice¥

Lecell MC57G NA P815 Lecell MC57G
(H-2¥) (H-2*) (H-2°) (H-2%) (H-2%) (H-2")

%

CBA_.;,TDL CBA x C57F, 75 4 63 4 4 0
CBA x C57F, 81 57 73 6 0 0
CBASP’I‘e;WF’ CBA 83 4 76 6 0 0
C57 2 74 19 3 2 0

Controls
Immune B10.D2 (H-29) 10 3 67 68 10 5
Immune C57BL/6 (H-2*) 11 48 9 9 7 3
Immune B10.A (H-22) 55 3 64 15 3 1
Immune CBA x C57F, 60 41 72 28 3 1}
Normal CBA x CH7F, 8 8 21 5 3 5

* The donor lymphocytes were from mice that had been given HK influenza virus 3 wk previously,
and the immune controls had been exposed to PR8 influenza virus at least a month before
challenge. The CBA x C57F, filter mice were irradiated (950 rads) and given 2.0 x 108 CBA/J
spleen and lymph node cells 24 h later, the majority being injected i.v. TDL populations were
then drained over the next 24-42 h (CBA _;;). The effectiveness of the negative selection
procedure is established by the failure to lyse normal MC57G (H-2) fibroblasts.

t The recipients and immune controls were all injected i.v. with HK influenza virus on the day of
cell transfer. Spleens were assayed 5 days later at a ratio of 50:1.

TaBLE IV
Cross-Priming Is Not Seen for Influenza-Immune TDL
Cells from CBA x C57F, Percent of specific 'Cr release
recipientsi
Transfe.rred HK-infected Normal
population*
Type Ratio | el MOS7G  P815 Leell MC57G
%
CBA_o,TDL  TDL 20:1 17 0 - - -
(2.0 x 107 Spleen 20:1 70 0 1 1 0
40:1 83 0 1 2 2
Immune con- CBA x C57F1 40:1 73 46 6 3 3
trols B10.D2 40:1 4 1 33 1 1

* All mice had been dosed with HK influenza virus at least 3 wk previously.
} The irradiated recipients were injected with HK influenza virus, and TDL were drained
from 4-5 days later.

to cross-reactive influenza virus components tends to suppress a primary
response to a heterologous viral H antigen. Thus, it is also necessary to consider
the case for immunologically naive T-cell populations that have never been
exposed to virus. The influenza model proved insufficiently sensitive for this
purpose (unpublished data) so these experiments were done using the poxvirus
system.
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TaBLE V
Stimulation of Negatively Selected TDL and Normal Lymphocytes with Vaccinia Virus

Percent of specific 3'Cr release from vaccinia targets

Transferred Recipient L cells MC57G F815 B10.A(5R)
cells* strain Kk.D¥ Kb-DP Kb-DP Kb-Db

dsi déi d5 dé d5 dé d5 dé

%
CBACaxcsn AN x CBTF, 27 75 0 6 0 8 2 -
A/J x C57F, A/J x C57F, 87 82 60 60 51 23 58 51
A/J x C5TF, A/ 70 - 0 — 12 - 41 -
A/J x C87F, C57 4 6 34 60 5 3 41 39
Controls
CBA/J 71 76 6 10 10 11 9 16
C57BL/6J 17 24 62 73 21 20 50 54
A/J 81 70 0 3 17 16 35 34
A/J x C57F, 83 79 49 51 25 25 62 53
BALB/cJ 9 - 1 - 21 - 45 -

* CBA/J (H-2K*-DF) spleen and lymph node cells were filtered through irradiated A/J x C57F,
(H-2K*-D? x K® — D) mice and then stimulated in a further set of A/J x C57F, recipients (1.5
x 10" TDL per mouse). Other mice were injected with 6.0 x 107 spleen and lymph node cells.

1 Mice were dosed with virus at 3 h after cell transfer and spleens were assayed 5 (30:1) or 6 (25:1)
days later, in two separate experiments.

§ The day 6 A/J recipients all died.

Primary Response to Vaccinia Virus. Normal CBA/J (H-2K%-D¥) lympho-
cytes were filtered through irradiated A/J x C57BL/6J F, (H-2K*-D¢ x H-2KP-
Db) mice and then stimulated with vaccinia virus in irradiated A/J x C5TBL/6J
F, recipients. These T-cell populations were thus negatively selected to H-2Dd,
H-2K*, and H-2D*. Two separate experiments were done, and assayed at 5 to 6
days after cell transfer. No evidence was found for any response to virus other
than in the context of H-2K¥, the H-2 component shared by donor and recipient
(line 1, Table V). Furthermore, stimulation was obviously mediated via the
virus-infected recipient, as the cytotoxic activity of A/J x C57F, lymphocytes
depended on the H-2 type expressed in the sensitizing environment (lines 3-5,
Table V). These findings were confirmed in a further experiment, in which TDL
and spleen cells were assayed from CBA/J x C57BL/6J recipients (H-2¥°) that
had been injected with CBA/J (H-2¥) lymphocytes depleted of alloreactivity for
H-2* (Table VI).

Discussion

Virus-immune cytotoxic T cells cannot be shown to interact with virus-
infected target cells expressing H-2 antigens other than those encountered
during physiological differentiation. Findings from the influenza and vaccinia
systems, where acute tolerance to alloantigen is induced by a filtration
procedure (4, 5), thus support evidence generated using chimeras in which long-
term tolerance exists (1-3). A similar absence of cross-priming for recognition of
the male Y antigen on H-2-different cells has been reported by von Boehmer et
al. (17), who used a somewhat less complete negative selection procedure (4).
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TaBLE VI
Activity of Vaccinia-Specific TDL and Spleen Cells from Recipient Mice

Percent of specific 5'Cr release

Popula-

Transferred . . . Vaccinia Normal
cells* Recipient strains tion as-
sayedt |l (H2 MCSIG (H®) Leell MCSIG
8:1 25:1 8:1 25:1 25:1 25:1
%
CBA_¢s5; CBA x C57F,  Spleen — 32 — 0 — -
CBA x C57F, TDL 0 - 1 - - -
CBA x C57F, CBA x C57F, Spleen 60 78 30 55 14 0
CBA x C57F, TDL 3 — 1 - - -
CBA x C57F, CBA Spleen 71 82 4 3 12 1
CBA x C57F, C57 Spleen 3 7 52 78 6 3

* Mice were given 2.0 x 107 TDL that had been filtered through irradiated CBA x C57F, mice (CBA _¢5;),
or a total of 6.0 x 107 spleen and lymph node cells.

t TDL were drained from recipient mice at 5-6 days after cell transfer and stimulation with vaccinia
virus.

The only other published study dealing with stimulation of immunologically
naive T cells in an allogeneic environment gave a rather different result (5),
which is at variance with comparable chimera experiments (18). Wilson et al.
(5) induced CBA/J (H-2¥) TDL, which had previously been negatively selected
to H-2°, to mediate specific lysis of trinitrophenyl (TNP)-modified H-2? target
cells. A possible explanation is that direct substitution (19) of the H-2P molecule
with TNP leads to expression of a true “altered-self’ component (i.e., H-2>-TNP
mimics alloantigen H-2%) which is recognized via the alloreactive repertoire.
Reasonable evidence exists that TNP-self may cross-react with alloantigen, so
far as T-cell specificity is concerned (20).

Two general conclusions may be drawn from the present experiments. The
first is that cross-priming for recognition of virus on an H-2-different cell does
not occur (11, 12). The T-cell response is presumably “locked-in” to a particular
spectrum of self (H-2) and nonself (virus). The phenomena described as cross-
priming may reflect either antigen processing by host macrophages or T-T help
(11). The second is that T-cell precursors capable of recognizing virus in the
context of H-2 antigens not encountered during ontogeny cannot be demon-
strated. This may reflect either that they do not exist, or are present at too low
a frequency to be seen after transfer and stimulation of relatively small
numbers of T cells. A third possibility is that T cells that might recognize virus
presented on H-2-different cells also possess considerable alloreactive potential,
and are thus removed by the biological filtration procedure.

These results can be interpreted as favoring either “one receptor” or “two
receptor” models for T-cell recognition (1, 2). The essential constraint would
seem to be that the “self-reactive” component is highly conserved, and is
probably specific for the H-2 “private” determinants (21). Any mutational model
(1, 22, 23) for generating the T-cell repertoire must, therefore, consider that
selection operates to allow the emergence of clones in which part of the receptor
remains constant while another part varies. Other evidence which indicates
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that T cells reactive to influenza virus H antigens possess the same discrimina-
tory capacity as IgG antibody (15, 24) would seem to favor the idea that there
are two distinct orders of receptor specificity for self and non-self. Whether
these are separate entities or associated with a single recognition unit will need
to be approached using techniques for structural analysis.

Summary

Mouse lymphocyte populations of one parental H-2 type (A) were specificially
depleted of alloreactive potential by filtration through irradiated A x B F,
recipients, and thoracic duct cells were then stimulated with virusinan A x B
F, environment. Experiments using T cells that had previously been exposed to
influenza virus in the context of A established that cross-priming for recognition
of viral components expressed on H-2-different (B) target cells does not occur.
Furthermore, immunologically naive T cells stimulated with vaccinia virus,
subsequent to negative selection for reactivity to B, could not be shown to
interact with virus-infected cells of type B. Either there is no significant T-cell
repertoire for recognition of virus associated with an H-2 determinant not
encountered during ontogeny, or such T cells are also alloreactive and are
removed during filtration.

We thank Dr. J. A. Sprent and Dr. D. B. Wilson for their advice concerning the cannulation
procedure, and Mrs. M. Solomon and Mr. M. Melino for their capable technical assistance.

Received for publication 9 March 1978.

References

1. Bevan, M. J. 1977. In a radiation chimera, host H-2 antigens determine immune
responsiveness of clones cytotoxic T cells. Nature (Lond.). 269:417.

2. Zinkernagel, R. M., G. N. Callahan, A. Althage, S. Cooper, P. Klein, and J. Klein.
1978. On the thymus in differentiation of “H-2 self-recognition” by T cells; evidence
for dual recognition? J. Exp. Med. 147:882.

3. Zinkernagel, R. M., G. N. Callahan, A. Althage, S. Cooper, J. W. Streilein, and J.
Klein. 1978. The lymphoreticular system in triggering virus-plus-self-specific cyto-
toxic T cells: evidence for T help. J. Exp. Med. 147:897.

4. Sprent, J., and H. von Boehmer. 1976. Helper function of T cells depleted of
alloantigen-reactive lymphocytes by filtration through irradiated F;, hybrid recipi-
ents. I. Failure to collaborate with allogeneic B cells in a secondary response to sheep
erythrocytes measured in vivo. J. Exp. Med. 144:617.

5. Wilson, D. B, K. Fischer-Lindahl, D. H. Wilson, and J. Sprent. 1977. The generation
of killer cells to trinitrophenyl-modified allogeneic targets by lymphocyte populations
negatively selected to strong alloantigens. J. Exp. Med. 146:361.

6. Kilbourne, E. D. 1969. Future influenza vaccine and the use of genetic recombinants.
Bull. W.H.O. 41:643.

7. Fazekas de St. Groth, S., and R. G. Webster. 1966. Disquisitions on original
antigenic sin. I. Evidence in man. J. Exp. Med. 124:331.

8. Yap, K. L., and G. L. Ada. 1977. Cytotoxic T cells specific for influenza virus-infected
target cells. Immunology. 32:151.

9. Effros, R. B., P. C. Doherty, W. Gerhard, and J. Bennink. 1977. Generation of both
cross-reactive and virus-specific T-cell populations after immunization with serolog-
ically distinct influenza A viruses. J. Exp. Med. 145:557.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

JACK R. BENNINK AND PETER C. DOHERTY 135

Doherty, P. C., R. B. Effros, and J. Bennink. 1977. Heterogeneity of cytotoxic
response of thymus-derived lymphocytes after immunization with influenza viruses.
Proc. Natl. Acad. Sci. U. S. A. 74:1209.

Bevan, M. J. 1976. Cross-priming for a secondary cytotoxic response to minor H
antigens with H-2 congenic cells which do not cross-react in the cytotoxic assay. oJ.
Exp. Med. 143:1283.

Palmer, J. C., L. J. Lewandowski, and D. Waters. 1977. Non-infectious virus induces
cytotoxic T lymphocytes and binds to target cells to permit their lysis. Nature
(Lond.). 269:595.

Braciale, T. J. 1977. Immunologic recognition of influenza virus-infected cells. II.
Expression of influenza A matrix protein on the cell-surface and its role in
recognition by cross-reactive cytotoxic T cells. J. Exp. Med. 146:673.

Biddison, W. E., P. C. Doherty, and R. G. Webster. 1977. Antibody to influenza virus
matrix protein detects a common antigen on the surface of cells infected with type A
influenza viruses. J. Exp. Med. 146:690.

Ennis, F. A., W. J. Martin, and M. W. Verbonitz. 1977. Hemagglutinin-specific
cytotoxic T-cell response during influenza infection. J. Exp. Med. 146:893.

Effros, R. B., J. Bennink, and P. C. Doherty. 1978. Characteristics of secondary
cytotoxic T-cell responses in mice infected with influenza A viruses. Cell. Immunol.
36:345.

von Boehmer, H., W. Haas, and H. Pohlit. 1978. Cytotoxic T cells recognize male
antigen and H-2 as distinct entities. J. Exp. Med. 147:1291.

Zinkernagel, R. M., G. N. Callahan, J. Klein, and G. Dennert. Cytotoxic T cells
learn specificity for self H-2 during differentiation in thymus. Nature (Lond.).
271:251.

Forman, J., E. S. Vitetta, D. A. Hart, and J. Klein. 1977. Relationship between
trinitrophenyl and H-2 antigens on trinitrophenyl-modified spleen cells. 1. H-2
antigens on cells treated with trinitrobenzene sulfonic acid are derivitized. J.
Immunol. 118:797.

Lemonnier, F., 8. J. Burakoff, R. N. Germain, and B. Benacerraf. 1977. Cytolytic
thymus-derived lvmphocytes specific for allogeneic stimulator cells cross-react with
chemically modified syngeneic cells. Proc. Natl. Acad. Sci. U. 8. A. 73:625.
Zinkernagel, R. M., and P. C. Doherty. 1977. The concept that surveillance of self is
mediated via the same set of genes that determines recognition of allogeneic cells.
Cold Spring Harbor Symp. Quant. Biol. 51:505.

Jerne, N. K. 1971. The somatic generation of immune recognition. Eur. J. Immunol.
1:1.

Doherty, P. C., R. V. Blanden, and R. M. Zinkernagel. 1976. Specificity of virus-
immune effector T cells for H-2K or H-2D compatible interactions: implications for
H-antigen diversity. Transplant. Rev. 29:89.

Zweerink, H. J., B. A. Askonas, D. Millican, S. A. Courtneidge, and J. J. Skehel.
1977. Cytotoxic T cells to type A influenza virus; viral hemagglutinin induces A-
strain specificity while infected cells confer cross-reactive cytotoxicity. Eur. oJ.
Immunol. 7:630.



