T cell cross-reactivity and the Herd immunity threshold
Introduction
An interesting new paper by Marc Lipsitch and co-authors, "Cross-reactive memory T cells and herd
immunity to SARS-CoV-2", has recently been published. 1 It discusses immunological and
epidemiological aspects and implications of pre-existing cross-reactive adaptive immune system
memory arising from previous exposure to circulating common cold coronaviruses. They argue that
key potential impacts of cross- reactive T cell memory are already incorporated into epidemiological
models based on data of transmission dynamics, particularly with regard to their implications for
herd immunity. I believe that they are mistaken on the herd immunity point, as I will show in this
article.
The first point to make is that cross-reactive T cells were never thought to be the main cause of the
herd immunity threshold (HIT)2 being lower for COVID-19 than the oft-quoted {1 – 1/R0} level,
which generally applies for vaccination. Heterogeneity in social connectivity (contact rates) is
typically estimated to lower the HIT much more than heterogeneity in biological susceptibility to the
causative SARS-CoV-2 virus.3
Possible effects of cross-reactive T cells on infection progression
Lipsitch and co-authors note that recent reports have shown that SARS- CoV-2 cross-reactive
memory T cells, very largely CD4+ T-cells arising from previous exposure to circulating common
cold coronaviruses, are detectable in ~28–50% of individuals not exposed to SARS- CoV-2. They
say that only tissue-resident memory T cells (TRM cells) can mount a fast response, with recirculating
TCM and TEM T cells taking several days to start fighting an infection. They point out that CD4+ Tcells generally limit disease severity, reduce the viral burden and/or limit the duration of the disease
rather than preventing an initial infection.
While I do not intend to challenge any of the foregoing points here, it should be noted that they treat
an 'infection' as including a case where so few cells have been infected that any (RT-)PCR test for
the virus would be negative.
The paper states that CD4+ T cell-mediated memory responses to a virus may involve some or all of
CD4+ TFH cell types (required for B cell help and thus almost all neutralizing antibody responses),
TH1 and CTL cell types (with direct antiviral activities in infected tissues), and that the CD4+ T cells
involved may be TRM cells, or slower to respond recirculating TCM/TEM cells.
The authors go on to propose four immunological scenarios for the impact of cross-reactive CD4+
memory T cells on COVID-19 severity and viral transmission. The four model scenarios they put
forward are:
1. Reduction of lung burden: CD4+ T cells reduce COVID-19 symptoms and lung viral load but have
minimal impact on upper respiratory tract (URT) viral load.
2. TFH cell-accelerated antibodies: CD4+ TFH cells trigger a faster and better antibody response,
resulting in accelerated control of virus in the URT and lungs.
3. TRM cells in the URT: CD4+ TRM cells at the site of infection enable rapid control of virus in the
URT and lungs.
4. Transient infection: TRM cell immunity ‘blitzes’ viral replication in the URT leading to the
elimination of all infected cells within a day of the initial infection, at the portal of entry.
The first three scenarios, along with the case where no cross-reactive T cells exist, are represented in
Fig.1 of the paper, reproduced below.

Which models do the data fit?
The authors argue that biological evidence implies model scenario 4 is very unlikely where only
CD4+ T cells are involved. They point out that if pre-existing CD4+ TRM cell immunity was so
extreme as to preclude significant viral replication, seroconversion (that is, a de novo antibody
response to SARS- CoV-2) would not occur. Such individuals would not be detectable by virological
(e.g., PCR) or serological diagnostic tests and would not shed virus; effectively, these individuals
would be immune to infection and not reported as cases. The authors say that evidence for other

human coronaviruses makes this implausible, and that when epidemiological evidence of very high
attack rates in some ship-based outbreaks is added scenario 4 is highly unlikely.
However, in the most studied ship-based outbreak the proportion infected was under 20%.4
Moreover, the results of a study that Lipsitch et al. do not cite5 show that, in households where one
person was confirmed as having COVID-19, a substantial proportion of other household members
had negative PCR test results, implying that they were not infective, despite most of them having
typical COVID-19 symptoms. Moreover, these individuals did not develop detectable SARS-CoV-2
specific antibodies, but did develop SARS-CoV-2 specific (as opposed to cross reactive) T cell
responses, implying that they had been infected to some degree by SARS-CoV-2 .
Notwithstanding that the sample size was small in that study, it appears to cast some doubt on
Lipsitch et al.'s assertion that scenario 4 is highly implausible. It also casts doubt on their subsequent
assertion that almost all people infected by SARS-CoV-2 seroconvert (develop antibodies against it),
although the test used might have been insufficiently sensitive to detect low antibody levels. In that
connection, Lipsitch et al. say that a recent study6 observed [only] about 3 cases of non-PCR
confirmed potentially asymptomatic COVID-19 cases with T cell responses in the absence of
seroconversion, but their interpretation of that study's results has been challenged.7
A substantial proportion of PCR-test positive individuals – in some localised outbreaks, the vast
majority of them – have asymptomatic infections. In the most studied ship-based outbreak4 almost
half of infected individuals remained asymptomatic throughout.8 If that is due to T-cell cross
reactivity, acting in combination with innate immune responses, then only model scenarios 3 or 4
would fit, since model scenarios 1 and 2 imply significant symptoms.
In the remainder of this article I will not pursue the possibility of model scenario 4 being relevant.
Rather, I will focus on showing that the implications for herd immunity of model scenario 3
(possibly involving also model scenario 2), as varied to take account of variation in viral dose and
innate immune system strength, are very likely not already taken into account in simple
epidemiological models based on transmission dynamics data. In this connection, it should be noted
that the extent and quality of the available data, both biological and epidemiological, does not
provide high quality evidence, so drawing firm conclusions either way is difficult.
The low level of asymptomatic transmission
Importantly, there is quite strong evidence that infected individuals transmit SARS-CoV-2 much
more weakly if they are asymptomatic (and not just presymptomatic). Biological evidence neither
proves nor disproves that a positive PCR test for SARS-CoV-2 implies significant infectivity
(although a negative PCR test can be taken as implying a lack of significant infectivity). 9 However,
epidemiological evidence strongly suggests that transmission by asymptomatic individuals is far
lower than that by symptomatic or presymptomatic individuals.
A number of studies have investigated transmission from index cases who remained asymptomatic
throughout their infections. A review study10 estimated that the mean household secondary attack
rate from asymptomatic cases was only 3.5% of that from symptomatic cases. As that study noted,
household secondary attack rate provides a useful estimate of both the susceptibility of contacts and
infectiousness of index cases. However, both in that study, and in another review study11 that
estimated a much higher ratio than 3.5%, the statistical analysis appears to be seriously flawed. 12 It is
therefore necessary to consider the actual results of the relevant original studies that they reviewed.
Two of those studies13 14 found no instances of asymptomatic transmission, although the number of
contacts concerned was very small in one case. Two other studies each found one case of
asymptomatic transmission, out of respectively 305 and 119 contacts,15 16 with corresponding
relative risks of 6% and 19%. Averaging the risk ratios of all four studies, in a way that gives

appropriate weight to the evidence each provides, gives an overall transmission risk ratio estimate of
8% for asymptomatic cases, relative to symptomatic and presymptomatic cases. 17
That is, an asymptomatic infected person, as in Lipsitch et al. model scenario 3, appears to be only
one-tenth or less as likely to transmit the virus as does a symptomatic or presymptomatic person.
This conclusion does not have to depend on asymptomatic infectees having a much lower viral load
in their URT, which may not be the case. They could for instance transmit less because of an absence
of coughing (particularly that involving expectoration15), less deep breathing or a similar factor;
because more of their PCR-measured viral load does not represent viable viruses; and/or because
their viral load remains at an infective level for a shorter period.
The likely importance of viral dose (inoculum) and innate immune responses
Two factors that Lipsitch et al. do not include in their model scenarios, but which seem likely to be
very relevant, are the magnitude of the viral dose and the strength of a person's fast responding innate
immune system. Both the symptoms, as to their likelihood and severity, and the infectivity of an
individual exposed to SARS-CoV-2 are expected to depend on the viral dose that their exposure
involves18 19 and on the strength of their innate immune system, as well as on any cross-reactive T
cell and/or antibody adaptive immune system memory. I will concentrate here on differences arising
from the interaction between viral dose and cross-reactive T cells, but in reality differences in innate
immune system strength, and in general health and other factors, will likewise affect how somebody
reacts to viral doses of varying strength and to what extent they become ill and/or infective.
Box 1: Might low viral dose explain Tokyo's COVID-19 epidemic?
Evidence from a study20 of 1877 asymptomatic (at time of testing) company employees from 11
disparate locations in Tokyo is consistent with the importance of viral dose. The study showed
seroprevalence increasing from 6% to 47% between late May and late August. If the sample is
representative of the Tokyo metropolitan area, which the authors suggest it may be, that implies
seroconversion of about 5.7 million individuals during the study period.
Since the corresponding number of deaths attributed to COVID-19 appears to have been little more
than 30, that implies an infection fatality rate in Tokyo that might be as low as 0.0006% – around a
thousand times lower than generally estimated. In Japan, the very high rate of mask wearing (and
generally high personal hygiene standards) may have reduced viral doses sufficiently for the vast
majority of infections to be asymptomatic, and for almost all symptomatic cases to be mild,
irrespective of the presence of cross-reactive T cells.21 22
It seems entirely possible that where the viral dose is sufficiently low, a person with cross reactive
CD4+ T cells might either be infected so little that – whether or not a PCR test would be positive, at a
sufficiently large cycle threshold (high sensitivity) – they not only remain asymptomatic but also
have negligible infectivity. In effect, given a sufficiently low viral dose, Lipsitch et al.'s model
scenario 3 might produce rather similar effects to what their model scenario 4 would do for a high
viral dose. It appears, for most purposes, to be inappropriate to regard such a non-infective, healthy
person as a COVID-19 case or even as being infected at all. 23 Such persons are accordingly treated
here as not having been infected. However, it appears possible that a low viral load might, without
resulting in symptoms or non-negligible infectivity, nevertheless induce effective immunity through
the development of SARS-CoV-2 specific antibodies and/or T cells.
By contrast, Lipsitch et al. appear to regard someone as having been infected even if only a single
cell in their body has been invaded by a virus. While this definition may be logical from a technical
biological angle, it does not seem appropriate from an epidemiological viewpoint. For

epidemiological purposes, what is relevant is whether and to what extent a person is or will become
ill, infective and/or immune.
Where the viral dose is fairly high, even if a person has cross reactive CD4+ T cells, they would
almost certainly test PCR positive, and be more likely to develop symptoms. Model scenarios 2 and
3 in the paper may both be relevant in these cases. While in such a case the person concerned would
be infective, albeit much less so if asymptomatic, if they had cross reactive CD4 + T cells they would
probably be considerably less infective (and be much more likely to be asymptomatic or to have mild
symptoms).
Insofar as infected individuals are asymptomatic and of low (but non-negligible) infectivity, it may
be that in cases where they do transmit infection the viral dose is usually sufficiently low for the
person thereby infected also to be asymptomatic and of low infectivity, in which case such
asymptomatic transmission will contribute to the gradual spread of immunity while not leading to
disease. 24
Modelling the effects of varying susceptibility and infectivity arising from cross-reactive T cells
I have built a greatly simplified toy model that illustrates the possible implications for epidemic
progression and herd immunity of cross-reactive T cells that have the effects discussed in this article.
The model stratifies the population into two equal parts, one possessing cross-reactive T cells and the
other not. It distinguishes symptomatic and asymptomatic infections, the latter having only one-ninth
as high a probability of causing infection as the former.
The detailed assumptions made in the model are set out in an Appendix. While these assumptions are
purely illustrative, they are intended to be broadly consistent with existing evidence and the
foregoing discussion in this article. The key assumptions regarding the effects of cross-reactive T
cells are that their presence halves the risk of infection from a potentially infective contact, quarters
the probability of any infection being symptomatic, and may result in immunity developing in a
substantial proportion of those cases where infection does not occur.
The modelled epidemic is seeded by the symptomatic infection of one naïve individual (a person
without cross-reactive T cells). The number of close contacts per generation is then adjusted to
produce, after the epidemic has adjusted from the initial seeding pattern to its natural pattern, a
reproduction number early in the epidemic – which will therefore closely approximate R0 – of 2.4.
The toy model's projections show that, after initial exponential growth, new infections start to
decline, indicating that herd immunity has been achieved. At that point, 41% of the population has
been infected, with approximately 43% of infections being asymptomatic. At 41%, the HIT is
slightly over two-thirds of the classical HIT level for a homogeneous population, being 58%. 25
A further 20% of the population will have become immune without, for all practical purposes, having
had an infection. If on the other hand no exposed but uninfected (i.e., asymptomatic and noninfective) individuals develop immunity, then the HIT is closer to the classical level, but still lies
more than 10% below it. If the probability of being infected is reduced by 85% in the presence of
cross-reactive T cell memory, the HIT could be one-third below the classical HIT even if no exposed
but uninfected person develops immunity. It is not suggested that such a large differential is likely.
However, it does prove that cross-reactive T cell memory, in combination with varying viral dose
(and innate immune system strength) can result in a substantially lower herd immunity threshold than
that estimated from data earlier in the epidemic using homogeneous population compartmental
SIR/SEIR models, as is routinely done.
A more realistic model would incorporate continuous probability distributions for all the key
parameters. But the basic point illustrated by the very simple model would remain valid.
Homogeneous population based compartmental models imply that epidemic growth will slow pro

rata to the shrinking pool of uninfected people. But where there is variation within the population as
to how susceptible people are to infection, so that more susceptible individuals are on average
infected earlier, the epidemic growth is bound to reduce more rapidly than that. As a result, the herd
immunity threshold will be lower than if the population were homogeneous, with the reduction of the
HIT being greater if less biologically susceptible individuals also have, if infected, lower biological
infectivity.
Conclusion
I have demonstrated that the claim by Lipsitch et al. that the potential impacts on the herd immunity
threshold of cross- reactive T cell memory are already incorporated into epidemiological models
based on data of transmission dynamics is mistaken, even assuming that they are correct in arguing
that their model scenario 4 is highly implausible.
In this article I have only considered the possible effects of cross-reactive T cells. However, even
when combined with other causes of interpersonal variation in biological susceptibility, including
age, such heterogeneity is not thought to be the main reason why the herd immunity threshold will be
lower than the classical level for a homogeneous population. In practice, interpersonal variation in
contact rates (social connectivity) is usually thought to be a much more important reason. 3
Appendix – Assumptions made in the toy model of the effects of cross-reactive T cells
1. The population is one million and is homogeneous except that only 50% of people have
cross-reactive memory T-cells.
2. The generation interval is fixed, infected individuals are only infectious in the generation
interval after they become infected and are uninfectious and immune thereafter.
3. Infections are by close contact only. The number of close contacts by an infected person is
independent of their T cell status and whether or not their infection is asymptomatic (never
symptomatic), and each person who becomes infected has only had one contact with an
infectious person during the generation interval in which they become infected.
4. A close contact between a symptomatic (including presymptomatic) infectee and a naïve
individual (one without cross-reactive T cells) results in infection 90% of the time, with 80%
of such infections being symptomatic, due to a high average viral dose being involved.
5. A close contact between an asymptomatic infectee and a naïve individual results in infection
10% of the time, with 20% of such infections being symptomatic, the viral dose being lower.
6. A close contact between a symptomatic infectee and a resistant individual (one with crossreactive T cells) results in infection 45% of the time, with 20% of such infections being
symptomatic.
7. A close contact between an asymptomatic infectee and a resistant individual results in
infection 5% of the time, with 5% of such infections being symptomatic.
8. Where such a low viral dose is transmitted on a close contact that a resistant recipient not
only has no symptoms but is completely non-infective, they are treated as not being infected
but (except if stated otherwise) in 60% of such cases they nevertheless become immune.
Nicholas Lewis
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